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Atmospheric circulation and wind
Winds are generated by pressure differences that
arise because of unequal heating of Earth's surface.
Global winds are generated because the tropics
receive more solar radiation than Earth's Polar
Regions. Thus, Earth's winds blow in an unending
attempt to balance inequalities in surface
temperatures. Because the zone of maximum solar
heating migrates with the seasons-moving
northward during the Northern Hemisphere
summer and southward as winter approaches-the
wind pattern that make up the general circulation
also migrate latitudinally
Wind movement in the atmosphere may be
classified into 3 broad categories: Primary,
secondary and tertiary circulation. Primary
circulation includes the planetary wind system
which are related to the general arrangement of
the pressure belts on the earth surface. Trade
winds, westerlies, and the polar easterlies together
form the primary circulation. Secondary
circulation consists of air masses, cyclones, anti-
cyclones, and monsoons. Tertiary includes all the
local winds which are produced by local causes.

Large- and Small-Scale Circulation

Macroscale Winds: The largest wind patterns,
called macroscale winds, are exemplified by the
westerlies and trade winds. These planetary-scale
flow patterns extend around the entire globe and
can remain essentially unchanged for weeks at a
time.
Asomewhat smaller macroscale circulation is
called synoptic scale, or weather-map scale. Two
well-known synoptic scale systems are the
individual traveling cyclones and anti-cyclone that
appear on weather maps as areas of low and high
pressure, respectively. These weather producers
are found in the middle latitudes where they move
from west to east as part of the larger westerly
flow. Furthermore, these rotating systems usually
persist for days or occasionally weeks and have a
horizontal dimension of hundreds to thousands of
kilometers. Anticyclones, in contrast, are areas of
subsidence associated with outward flow near the
surface. Somewhat smaller macroscale systems are
the tropical cyclones and hurricanes that develop
in late summer and early fall over the warm
tropical oceans. Airflow in these systems is inward
and upward as in the larger mid-latitude cyclones.
However, the rate of horizontal flow associated
with hurricanes is usually more rapid than that of
their more poleward cousins.
Mesoscale Winds generally last for several
minutes and may exist for hours. These middle-
size phenomena are usually less than 100
kilometers (62 miles) across. Further, some
mesoscale winds-for example, thunderstorms and
tornadoes-also have a strong vertical component
Land and sea breezes, as well as mountain and
valley winds, also fall into this category
Microscale Winds The smallest scale of air motion
is referred to as microscale circulation. These
small, often chaotic winds normally last for
seconds or at most minutes. Examples include
simplegusts which hurl debris into the air and
small, well-developed vortices such as dust devils.

1. CIRCULATION OF THE ATMOSPHERE
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Time Scales for Atmospheric Motions
Scale Time scale Distance scale Examples
Macroscale
Planetary Weeks or longer 1000-40,000 km Westerlies and trade winds
Synoptic Days to weeks 100-5000 km Mid-latitude cyclones,

anticyclones, and hurricanes
Mesoscale Minutes to hours 1-100 km Thunderstorms, tornadoes, and

land-sea breeze
Microscale Seconds to minutes <1 km Turbulence, dust devils, and gusts

Local Winds
DUST DEVILS
A common phenomenon in arid regions of the
world is the whirling vortex called the dust devil -
Although they resemble tornadoes, dust devils are
generally much smaller and less intense than their
destructive cousins. Most dust devils-are only a
few metersin diameter andreach heights no greater
than about 100 meters (300 feet). Further, these
whirlwinds are usually short-lived microscale
phenomena. Most form and die out within minutes.
In rare instances dust devils have lasted for hours.
Unlike tornadoes, which are associated with
convective clouds, dust devils form on days when
clear skies dominate. Further, these whirlwinds
form from the ground upward, exactly opposite of
tornadoes.
Because surface heating is critical to their
formation, dust devils occur most frequently in the
afternoon when surface temperaturesare highest.
Land and Sea Breeze
The daily temperature contrast between the land
and the sea, and the pressure pattern that generates
a sea breeze.Land is heated more intensely during
daylight hours than is an adjacent body of water.
As a result, the air above the land surface heats
and expands, creating an area of low pressure.
A sea breeze then develops, as cooler air over the
water moves onto the land .At night, the reverse
may take place; the land cools more rapidly than
the sea and a land breeze develops
The sea breeze has a significant moderating
influence on coastal temperatures. Smaller-scale
sea breezes can also develop along the shores of
large lakes. In many places sea breezes also affect
the amount of cloud cover and rainfall. The
peninsula of Florida, for example, experiences a
summer precipitation maximum caused partly by
the convergence of sea breezes from both the
Atlantic and Gulf coasts.
The intensity and extent of land and sea breezes

depend on the location and the time of year.
Tropical areas where intense solar heating is
continuous throughout the year experience more
frequent and stronger sea breezes than do mid-
latitude locations. The most intense sea breezes
develop along tropical coastlines adjacent to cool
ocean currents. In the middle latitudes, sea breezes
are most common during the warmest months, but
the counterpart, the land breeze, is often missing,
for the land does not always cool below the ocean
temperature. In the higher middle latitudes the
frequent migration of high- and low-pressure
systems dominates the circulation, so land and sea
breezes are less noticeable.
Illustration of a sea breeze and a land breeze, (a)
during the daylight hours the air above the land

heatsand expands, creating an area of lower
pressure. Cooler and denser air over the water
moves onto the land, generating a sea breeze, (b)
At night the land cools more rapidly than the sea,
generating an offshore flow called a land breeze.
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Mountain and Valley Breezes
A daily wind similar to land and sea breezes occurs
in many mountainous regions. During the day, air
along mountain slopes is heated more intensely
than air at the same elevation over the valley floor
This warmer air glides up along the mountain slope
and generates a valley breeze. The occurrence of
these daytime upslope breezes can often be
identified by the isolated cumulus clouds that
develop over adjacent mountain peaks. This also
causes the late afternoon thundershowers so

common on warm summer days in the mountains.
After sunset the pattern is reversed. Rapid radiation
heat loss along the mountain slopes cools the air,
which drains into the valley below and causes a
mountain breeze. Similar cool air drainage can
occur in regions that have little slope. The result
is that the coldest pockets of air are usually found
in the lowest spots, a phenomenon one likely have
experienced while walking in hilly terrain.
Consequently, low areas are the first to experience
radiation fog and are the most likely spots for frost
damage to crops.

Like many other winds, mountain and valley
breezes have seasonal preferences. Although
valley breezes are mostcommon during the warm
season when solar heating is most intense,
mountain breezes tend to be more frequent during
the cold season.
Valley and mountain breezes, (a) Heating during
the daylight hours warms the air along the
mountain slopes. This warm air rises, generating
a valley breeze, (b) after sunset, cooling of the air
near the mountain can result in cool air drainage
into the valley, producing the mountain breeze.

Chinook (Foehn) Winds
Warm, dry winds sometimes move down the east
slopes of the Rockies, where they are called
chinooks, and the Alps, where they are called
foehns. Such winds are often created when a strong
pressure gradient develops in a mountainous
region. As the air descends the leeward slopes of
the mountains, it is heated adiabatically (by
compression). Because condensation may have
occurred as the air ascended the windward side,
releasing latent heat, the air descending the
leeward side will be warmer and drier than at a
similar elevation on the windward side. Although
the temperature of these winds is generally less
than 10°C (50°F), which is not particularly warm,
they usually occur in the winter and spring when
the affected area may be experiencing subfreezing
temperatures. Thus, by comparison, these dry,
warm winds often bring drastic change. Within
minutes of the arrival of a chinook, the temperature
may climb 20°C (36°F). When the ground has a
snow cover, these winds melt it in short order. The
Native American word chinook means "snow-
eater." The chinook is viewed by some as beneficial
to ranchers east of the Rockies, for it keeps their
grasslands clear of snow.
Katabatic (Fall) Winds
In the winter, areas adjacent to highlands may
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experience a local wind called a katabatic or fall
wind. These winds originate when cold air, situated
over a highland area such as the ice sheets of
Greenland or Antarctica, is set in motion. Under
the influence of gravity, the cold air cascades over
the rim of a highland like a waterfall. Although
the air is heated adiabatically, as are chinooks,
the initial temperatures are so low that the wind
arrives in the lowlands still colder and denser than
the air it displaces. In fact, this air must be colder
than the air it invades, for it is the air's greater
density that causes it to descend. As this frigid air
descends, it occasionally is channeled into narrow
valleys, where it acquires velocities capable of
great destruction.
A few of the better-known katabatic winds have
local names. Most famous is the mistral, which
blows from the French Alps toward the
Mediterranean Sea. Another is the bora, which
originates in the mountains of Yugoslavia and
blows to the Adriatic Sea.
Country Breezes
One mesoscale wind, called a country breeze, is
associated with large urban areas. As the name
implies, this circulation pattern is characterized
by a light wind blowing into the city from the
surrounding countryside. The country breeze is
best developed on relatively clear, calm nights.
Under these conditions cities, because they contain
massive buildings composed of rocklike materials,
tend to retain the heat accumulated during the day
more than the less built up outlying areas. The
result is that the Warm, less dense air over the city
rises, which in turn initiates the country-to-city
flow.
Global Circulation
Our knowledge of global winds comes from two
sources: the pattern of pressure and winds observed
worldwide, and theoretical studies of fluid motion.
Single-Cell Circulation Model
One of the first contributions to the classical model
of global circulation came from George Hadley in
1735. Hadley was well aware that solar energy
drives the winds. He proposed that the large
temperature contrast between the poles and the
equator creates one large convection cell in each
hemisphere (Northern and Southern)
In Hadley's model, intensely heated equatorial air
rises until it reaches the tropopause, where it begins
to spread toward the poles. Eventually, this upper-
level flow would reach the poles, where cooling
would cause it to sink and spread out at the surface
as equatorward-moving winds. As this cold polar
air approached the equator, it would be reheated
and rise again. Thus, the circulation proposed by

Hadley has upper-level air flowing poleward and
surface air moving equatorward.
Although correct in principle, Hadley's model does
not take into account the fact that Earth rotates on
its axis. (Hadley's model would better approximate
the circulation of a non-rotating planet.) As Earth's
pressure and wind patterns became better known,
it was clear that the single-cell model (in each
hemisphere) could not create the global circulation
that was actually observed. Consequently, the
Hadley model was replaced by a model that better
fit observations.

Three-Cell Circulation Model
In the 1920s a three-cell circulation model (for
each hemisphere) was proposed. Although this
model has been modified to fitupper-air
observations, it remains a useful way to examine
global circulation.
In the zones between the equator and roughly 30°
lat north and south, the circulation closely
resembles the name used by Hadley for the whole
Earth. Consequently, the name Hadley cell is
generally applied. Near the equator, the warm
rising air that releases latent heat during the
formation of cumulus towers is believed to provide
the energy to drive Hadley cells. The clouds also
provide the rainfall that maintains the lush
vegetation of the rain forests of southeast /
equatorial Africa, and South America's Amazon
Basin.
As the flow aloft in Hadley cells moves poleward,
it begins to subside in a zone between 200 and
350 latitude. Two factors contribute to this general
subsidence: (1) As upper-level flow moves away
from the stormy equatorial region, where the
release of latent hear of condensation keeps the
air warm and buoyant, radiation cooling increases
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the density of the air. Satellites that monitor
radiation emitted in the upper troposphere record
considerable outward-emitted radiation over the
tropics. (2) Because the Coriolis force becomes
stronger with increasing distance from the equator,
the poleward-moving upper air is deflected into a
nearly west-to-east flow by the time it reaches
250latitude. Thus, a restricted poleward flow of
air ensues. Stated another way, the Coriolis force
causes a general pileup of air (convergence) aloft.
As a result, general subsidence occurs in the zone
located between 200 and 350 latitude.
This subsiding air is relatively dry, because it has
released its moisture near the equator. In addition,
the effect adiabatic heating during descent further
reduces the, relativehumidity of the air.
Consequently, this zone of subsidence is the site
of the world's subtropical deserts. The Sahara
Desert of North Africa and the Great Australian
Desert are located in these regions of sinking air.
Because winds are generally weak and variable
near the center of this zone of descending air, this
region is popularly called the horse latitudes.
From the center of the horse latitudes, the surface
flowsplits into a poleward branch and an
equatorward branch.The equatorwardflow is
deflected by the Coriolis force toform the
reliabletradewinds, so called because they
enabledearly sailing ships to trade between
continents. In the Northern Hemisphere, the trades
blow from the northeast} wherethey provided the
sail power for exploration of the NewWorld in the
sixteenth and seventeenth centuries. In theSouthern
Hemisphere, the trades are from the south east.

Thetrade winds from both hemispheres meet near
the equator in a region that has a weak pressure
gradient. This region is called the doldrums. Here
light winds and humid conditionsprovide the
monotonous weather that is the basis for the
expression "down in the doldrums."
In the three-cell model the circulation between 30°
and 6O7 latitude (north and south) is more
complicated than that within the Hadley cells (see
Figure 7-7). The net surface flow is poleward, and
because of the Coriolis force, the winds have a
strong westerly component. Theseprevailing
westerlies) were known to Benjamin Franklin,
perhaps the first American weather forecaster, who
noted that storms migrated from west to east across
the colonies. Franklin also observed that the
westerlies were much more sporadic and,
therefore, less reliable than the trade winds for
sail power. We now know that it is the migration
of cyclone across the mid-latitudes that disrupts
the general westerly flow at the surface. Because
of the importance of the mid-latitude circulations
in producing our daily weather, we will consider
the westerlies in more detail in a later section.
Relatively little is known about the circulation in
high (polar) latitudes. It is generally understood
that subsidence near the poles produces a surface
flow that moves equator-ward and is deflected into
the polar easterlies of both hemispheres. As these
cold polar winds move equatorward, they
eventually encounter the warmer westerly flow of
the mid-latitudes. The region where the flow of
warm air clashes with cold air has been named
the polar front. The significance of this region will
be considered later.
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Observed Distribution of Pressure and Winds
and Idealized Zonal Pressure Belts
As you might expect, Earth's global wind patterns
are associated with a distinct distribution of surface
air pressure. To simplify this discussion, we will
first examine the idealized pressure distribution
that would be expected if Earth's surface were
uniform that is, composed of all sea or all smooth

land.
(a) An imaginary uniform Earth with idealized
zonal (continuous) pressure belts, (b) The real
Earth with disruptions of the zonal pattern caused
by large landmasses. These disruptions break up
pressure zones into semi-permanent high- and low-
pressure cells.

If the earth had a uniform surface, two latitudinally
oriented belts of high and two of low pressure
would exist. Near the equator, the warm rising
branch of the Hadley cells is associated with the
pressure zone known as the equatorial low. This
region of ascending moist, hot air is marked by
abundant precipitation. Because it is the region
where the trade winds converge, it is also referred
to as the intertropical convergence zone
(ITCZ).
In the belts about 20° to 35° on either side of the
equator, where the westerlies and trade winds
originate and go their separate ways, are the
pressure zones known as the subtropical highs.
These zones of high pressure are caused mainly
by the Coriolis deflection, which restricts the
poleward movement of the upper-level branch of
the Hadley cells. As a result, a high-level pileup
of air occurs around 20° to 35° latitude. Here a
subsiding air column and diverging winds at the
surface result in warm and clear weather. Recall
that many large deserts lie near 30° latitude, within
this zone of sinking air. Generally, the rate at which
air accumulates in the upper troposphere exceeds
the rate at which the air descends and spreads out
at the surface. Thus, the subtropical highs exist
throughout most of the year and are regarded as
semi-permanent featuresof the general circulation.
Another low pressure region is situated at about
50° to 6O° latitude, in a position corresponding to
the polar front. Here the polar easterlies and

westerlies clash to form a convergent zone known
as the subpolar low. This zone is responsible for
much of the stormy weather in the middle latitudes,
particularly in the winter.
Finally, near Earth's poles are the polar highs, from
which the polar easterlies originate. The high-
pressure centers that develop over the cold polar
areas are generated by entirely different processes
than those that create the subtropical highs. The
high-pressure zones in the subtropics result
because the rate at which air piles up aloft exceeds
the rate at which it spreads out at the surface.
Stated another way, more air accumulates near 30°
latitude than leaves these air columns. By contrast,
the polar highs exhibit high surface pressure
mainly because of surface cooling. Because air
near the poles is cold and dense, it exerts a higher
than average pressure.
Semi-permanent Pressure Systems: The Real
World
Up to this point, we have considered the global
pressure systems as if they were continuous belts
around Earth. However, because Earth's surface
is not uniform, the only true zonal distribution of
pressure exists along the subpolar low in the
Southern Hemisphere, where the ocean is
continuous. To a lesser extent, the equatorial low
is also continuous. At other latitudes, particularly
in the Northern Hemisphere, where there is a
higher proportion of land compared to ocean, the
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zonal pattern is replaced by semipermanent cells
of high and low pressure.
The idealized pattern of pressure and winds for
the "real" Earth is illustrated in. Although
representative, the pattern shown is always in a
state of flux because of seasonal temperature
changes, which serve to either strengthen or
weaken these pressure cells. In addition, the
latitudinal position of these pressure systems
moves either poleward or equatorward along with
the seasonal migration of the zone of maximum
solar heating. This is particularly true of the low-
pressure belt associated with the intertropical
convergence zone. The position of this thermally
produced belt of low pressure is highly dependent
on solar heating. As a consequence of these factors,
Earth's pressure patterns vary in strength or
location during the course of the year. A view of
the average global pressure patterns and resulting
winds for the months of January and July are
shown in. Notice on these pressure maps that, for
the most part, the observed pressure regimes are
cellular (or elongated) insteadofzonal. The most
prominent features on both maps are the
subtropical highs. These systems are centered
between 20° and 35° latitude over all the larger
subtropical oceans.
January Pressure and Wind Patterns: On the
January pressure a very strong high-pressure
center, called the Siberian high, is positioned over
the frozen landscape of northern Asia. A weaker
polar high is located over the chilled North
American continent. These cold anticyclones
consist of very dense air that accounts for the
weight of these air columns. In fact, the highest
sea-level pressure ever measured, 1084 millibars
(32.01 inches of mercury) was recorded in
December 1968 at Agata, Siberia.
The polar highs are prominent features of the
winter circulation over the northern continents.
Subsidence within these air columns results in clear
skies and divergent surface flow. The resulting
winds are called polar easterlies.
As the Arctic highs strengthen over the continentsa
weakening is observed in the subtropical
anticyclones situated over the oceans. Further, the
average position of the subtropical high tends to
be closer to the eastern margin of the oceans in
January than in July. The center of the subtropical
high located in the North-Atlantic (sometimes
called Azores high) is positioned close to the
northwest coast of Africa.
Also shown on the January map but absent in July
are two intensesemipermanent low-pressure
centers: Named the Aleutian low and the Icelandic
low, these cyclonic cells are situated over the North

Pacific and North Atlantic, respectively. They are
not stationary cells, but rather the composite of
numerous cyclonic storms that traverse these
regions. In other words, so many cyclones are
present that these regions of the globe are almost
always experiencing low pressure, hence the term
semipermanent. Remember that cyclones are
traveling low-pressure centers with low-level
convergence and an upward flow. As a result, the
areas affected by the Aleutian and Icelandic lows
experience cloudy conditions and abundant winter
precipitation.
The cyclones that form the Aleutian low are
produced as frigid air, directed by the Siberian
high, flows off the continent of Asia and overruns
comparatively warm air over the Pacific. The
strong temperature contrast creates a steep pressure
gradient that becomes organized into a
counterclockwise .rotating storm cell. Just how a
cyclone of this type is generated from the clash of
two different air masses will be considered in
Chapter 9. Nevertheless, with the large number of
cyclonic storms that form over the North Pacific
and travel eastward, it should be no surprise that
the coastal areas of southern Alaska receive
abundant precipitation. This fact is exemplified by
the climate data for Sitka, Alaska, a coastal town
that receives 215 centimeters (85 inches) of
precipitation each year, over five times that
received in Churchill, Manitoba, Canada.
Although both towns are situated at roughly the
same latitude, Churchill is located in the
continental interior far removed from the influence
of the Aleutian low.
July Pressure and Wind Patterns The pressure
pattern over the Northern Hemisphere changes
dramatically with the onset of summer as increased
amounts of radiation strike the northern
landmasses. High surface temperatures over the
continents generate lows that replace the
winterhighs. These thermal lows consist of warm
ascending air that Induces inward directed surface
flow. The strongest of these low-pressure centers
develops over southern Asia. A weaker thermal
low is also found in the southwestern United States.
During the summermonths, the subtropical highs
in Northern Hemisphere migrate west-ward and
become more intense than during the winter
months. These strong high-pressure centers
dominate the summer circulation over the oceans
and pump warm moist air onto the continents that
lie to the west of these highs. This results in an
increase in precipitation over parts of eastern North
America and Southeast Asia.
During the peak of the summer season, the
subtropical high found in the North Atlantic is
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positioned near the island of Bermuda, hence the
name Bermuda high. (Bermuda is located about
1500 kilometers, or 900 miles, east of the
SouthCarolina coast). Recall that in the Northern
Hemisphere winter the Bermuda high is located
near Africa and goes by the alias Azores high.
Monsoons
The greatest seasonal change in Earth's global
circulation is the monsoon. Contrary to popular
belief, monsoon does not mean "rainy season";
rather, it refers to a wind system thatexhibits a
pronounced seasonal reversal in direction. In
general, winter is associated with winds that blow
predominantly off the continents and that produce
a dry winter monsoon. By contrast, in summer,
warm moisture-laden air blows from the sea
toward the land. Thus, the summer monsoon, which
is usually associated with abundant precipitation,
is the source of the misconception.
The Asian Monsoon
The best-known and most pronounced monsoon
circulation is found in southern and southeastern
Asia. Like all winds, the Asian monsoon is driven
by pressure differences that are generated by
unequal heating of Earth's surface. As summer
approaches, the temperatures in India and
surrounding Southeast Asia soar. This intense solar
heating generates a low-pressure area over
southern Asia. This in turn generates outflow aloft
that encourages inward flow at the surface. With
the development of the low-pressure center over
India, moisture-laden air from the Indian Ocean
flows landward, thereby generating a pattern of
precipitation typical of the summer monsoon.

The Asian monsoon is complex and is strongly
influenced by the seasonal change in the amount
of solar heating received by the vast Asian
continent. However, another factor, related to the

annual migration of the Sun, also contributes to
the pronounced monsoon circulation of
southeastern Asia.
Asia's monsoon circulation occurs in conjunction
with the seasonal shift of the intertropical
convergence zone (ITCZ). (a) In January a strong
high pressure develops over Asia and cool, dry,
continental air generates the dry winter monsoon,
(b) With the onset of summer, the ITCZ migrates
northward and draws warm, moist air onto the
continent.
As shown in Figure 7-11, the Asian monsoon is
associated with a larger than average seasonal
migration of the intertropical convergence zone
(ITCZ). With the onset of summer the ITCZ moves
northward over the continent and is accompanied
by peak rainfall. The opposite occurs in the Asian
winter as the ITCZ moves south of the equator.
The migration of the ITCZ is accompanied by a
dramatic change in pressure. The strong high-
pressure system and subsidence that dominates the
winter flow is replaced by low pressure and
convergence during the summer months. This
significant shift in pressure is thought to aid the
northward movement of the ITCZ.
Of major importance are the Himalaya Mountains
and the huge Tibetan Plateau, which have an
average elevation that is higher than the highest
peaks in the Colorado Rockies. During the winter
months these topographic barriers contribute to the
extreme temperature difference that exists between
the cold continental interior andthe milder coastal
areas. This temperature contrast: produces a strong
jet stream that becomes anchored over these
highlands. The role that this jet stream plays in
the dry winter monsoon is not known with
certainty. Nevertheless, in the summer, as the
temperature differential over the continent
diminishes, the jet stream breaks down. Clearly,
these topographic barriers and the resulting upper
airflow play a major role in the migration of the
ITCZ.
Nearly half the world's population inhabits regions
affected by monsoonal circulation. Further, many
of these people depend on subsistence agriculture
for their livelihood. Therefore, the timely arrival
of the monsoon rains often means the difference
between adequate nutrition and widespread
malnutrition.
The Westerlies
Prior to World War II, upper-air observations were
scarce. Since then, aircraft and radiosondes have
provided a great deal of data about the upper
troposphere. Among the most important
discoveries was that airflow aloft in the middle



PREP-SUPPLEMENT:                       CLIMATOLOGY

9

latitudes has a strong west-to-east component, thus
the name westerlies.
Why Westerlies?
In the case of the westerlies, it is the temperature
contrast between the poles and equator that drives
these winds. Because cold air is more dense
(compact) than warm air, air pressure decreases
more rapidly in a column of cold air the in a column
of warm air. surfaces (planes) Over the equator,
where temperatures are higher, air pressure
decreases more gradually than over the cold polar
regions. Consequently, at the same altitude above
Earth's surface, higher pressure exists over the
tropics and lower pressure is the norm above the
poles. Thus, the resulting pressure gradient is
directed from the equator (area of higher pressure)
toward the poles (area of lower pressure).

Once the air from the tropics begins to advance
poleward in response to this pressure-gradient
force the Coriolis force comes into play to change
the direction of airflow. in the Northern
Hemisphere the Coriolis force causes winds to be
deflected to the right. Eventually, a balance is
reached between the polewarddirected pressure-
gradient force and the Coriolis force to generate a
wind with a strong west-to-east component .such
winds" are called geostrophic winds. Because the
equator-to-pole temperaturegradient is typical over
the globe, a westerly flow aloft should be expected,
and on most occasions it is observed.
It can also be shown that the pressure gradient
increases with altitude; as a result,so should wind
speeds. This increase in wind speed continues only
to the tropopause, where starts to decrease upward
into the stratosphere.

Idealized pressure gradient that develops aloft
because of density differences between cold polar
air and warm tropical air. Notice that the poleward-
directed pressure-gradient force is balanced by an
equatorward-directed Coriolis force. The result is
a prevailing flow from west to east, which is called
the westerlies.
Jet Streams
Embedded within the westerly flow aloft are
narrow ribbons of high-speed winds that meander
for thousands of kilometers. These fast streams of
air once were considered analogous to jets of water
and thus were named jet streams. These high-speed
air currents have widths that vary from less than
100 kilometers (60 miles) to over 500 kilometers
(300 miles) and are generally a few kilometers
thick. Wind speeds are frequently in excess of 200
kilometers (120 miles) per hour but rarely exceed
400 kilometers (240 miles) per hour.
Origin of the Polar Jet Stream
What is the origin of these distinctive, energetic

winds that exist within the slower, general westerly
flow?
The key is that large temperature contrasts at the
surface produce steep pressure gradients aloft and
hence faster upper air winds. Jet streams are
located in regions of the atmosphere where large
horizontal temperature differences occur over short
distances.
These large temperature contrasts occur along
linear zones called fronts.The best-known jet
stream occurs along a major frontal zone called
the polar front and is appropriately named the polar
jet stream. Because this jet stream occurs mainly
in the middle latitudes it is also known as the mid-
latitude jet stream. the polar front is situated
between the cool winds of the polar easterlies and
the relatively warm westerlies. Instead of flowing
nearly straight west-to-east, the polar jet stream
usually has a meandering path. Occasionally, it
flows almost due north-south. Sometimes it splits
into two jets that may, or may not, rejoin. Like the
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polar front, this jet is not continuous around the
globe.
Because the location of the polar jet roughly
coincides with that of the polar front, its latitudinal
position migrates with the seasons. Thus, like the
zone of maximum solar heating, the jet moves
northward during summer and southward in winter.
During the cold winter monthsthe polar jet stream
may extend as far south as 300 north latitude. With
the coming of spring, the zone of maximum solar
heating, and therefore the jet, begins a gradual
northward migration. By midsummer, its average
position is about 500north latitude, but it may
penetrate much farther poleward.
As the polar jet shifts northward, there is a
corresponding change in the region where
outbreaks of severe thunderstorms and tornadoes
occur. The polar jet stream plays a very important
role in the weather of the mid-latitudes. In addition
to supplying energy to the circulation of surface
storms, it also directs their paths of movement.
Consequently, determining changes in the location
and flow pattern of the polar jet is an important
part modern weather forecasting.
Subtropical Jet Stream
Other jet streams are known to exist, but none have
been studied in as much detail as the polar jet
stream. A semipermanent exists over the subtropics
and as such is called the subtropical jet stream.The
subtropical jet is mainly a wintertime phenomenon.
Due to the weak summer-time temperature
gradient, the subtropical jet is relatively weak
during the warm season. Somewhat slower than
the polar jet, this west-to-east flowing current is
centered at 250 latitude at an altitude of about 13
kilometers (8 miles).
Waves in the Westerlies
It is important to remember that the mid-latitude
jet stream is an integral part of the westerlies. It is
not a dramatic anomaly like a hurricane. In fact,
the jet stream can be more accurately described
as the fast core of the overall westerly flow the
westerlies follow wavy paths that have rather long
wavelengths. Much of our knowledge of these
large-scale motions is attributed to C. G. Rossby,
who first explained the nature of these waves. The
longest wave pattern (called Rossby waves) have
wavelengths of 4000 to 6000 kilometers, so that
three to six waves will fit around the globe
Although the air flows eastward along this wavy
path, these long waves tend to remain stationary
or move slowly.
Idealized airflow of the westerlies at the 500-
millibar level. The five long-wavelength
undulations, called Rossby waves compose this

flow. The jet stream is the fast core of this wavy
flow.

Although much remains to be learned about the
wavy flow of the westerlies, its basic features are
understood with some certainty. Among the most
obvious characteristics of the flow aloft are its
seasonal changes. The summer-to-winter change
in wind speed is a consequence of the seasonal
contrasts of the temperature gradients. The steep
temperature gradient across the middle latitudes
in winter corresponds to a stronger flow aloft.
In addition to seasonal changes in the strength of
its flow, the position of the polar jet stream also
shifts from summer to winter. With the approach
of winter, the jet migrates equatorward. As summer
nears, it moves back toward the poles
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Figure showing Major ocean currents. Poleward-
moving currents are warm, and equatorward-
moving currents are cold.
El Nino and La Nina
During normal years the atmospheric circulation
in the tropical Pacific is dominated by strong trade
winds. These wind systems, in turn, generate a
strong equatorial current that flows westward from
South America toward Australia and the
Philippines. In addition, a cold oceanic current
flows equatorward along the coast of Ecuador and
Peru. The latter flow, called the Peruvian current,
encourages upwelling of cold, nutrient-filled
waters that serve as the primary food source for
millions of small fish, particularly anchovies. Near

the end of each year, however, a warm
countercurrent, which flows eastward along the
equator, develops. As a result, warm water begins
to accumulate along the coasts of Ecuador and
Peru.
During the nineteenth century the local residents
named this warm countercurrent El Nino ("the
child") after theChrist child because it usually
appeared during the Christmas season. Normally,
these warm countercurrents last for, at most, a few
weeks when they again give way to the cold
Peruvian flow. However, at irregular intervals of
three to seven years, these countercurrents become
unusually strong and replace normally cold
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offshore waters with warm equatorial waters
Today scientists use the term El Nino for these
episodes of ocean warming that affect the tropical
Pacific

The onset of El Nino is marked by abnormal
weather patterns that drastically affect the
economies of Ecuador and Peru, these unusually
strong countercurrents amass quantities of warm
water that block the upwelling of colder, nutrient-
filled water. As a result, the anchovies, which
support the population of game fish, starve which
devastates the fishing industry. At the same time,
some inland areas that are normally arid receive
above average rainfall. In these areas, yields of
cotton and other crops are far above average. These
climatic fluctuations have been known for years,
but they were considered local phenomena. Today,
we know that El Nino is part of the global
atmospheric circulation pattern and affects the
weather at great distances from Peru and Ecuador.
Then, as a major El Nino event comes to an end,
the pressure difference between these two regions
swings back in the opposite direction. This set saw
pattern of atmospheric pressure between the
eastern and western Pacific is called the Southern
Oscillation. It is an in separable part of the El Nino
warmings that occur in the Pacific every three to
seven years. Therefore, this phenomenon is often
termed El Nino/Southern Oscillation, or ENSO
for short.
During a typical year the trade winds converge
near the equator and flow westward toward
Indonesia. This steady westward flow creates a
warm surface current that moves from east to west
along the equator. The result is a "piling up" of a
thick layer of warm surface water that produces

higher sea levels (by 30 centimeters) in the western
Pacific. Meanwhile, the eastern Pacific is
characterized by a strong Peruvian current and
upwelling of cold water.
Then when the Southern Oscillation occurs, the
normal situation just described changes
dramatically. Barometric pressure rises in the
Indonesian region, causing the pressure gradient
along the equator to weaken or even to reverse.
As a consequence, the once-steady trade winds
diminish and may even change direction. This
reversal creates a major change in the equatorial
current system, with warm water flowing
eastward. With time, water temperatures in the
central and eastern Pacific increase and sea level
in the region rises. This eastward shift of the
warmest surface water marks the onset of El Nino
and sets up changes in atmospheric circulation that
affect areas far outside the tropical Pacific.
The opposite of El Nino is an atmospheric
phenomenon known as La Nina. Typical La Nina
weather patterns include cool conditions over the
Pacific Northwest and especially cold winter
temperatures in the Great Plains. In addition,
unusually dry conditions occur in the Southwest
and Southeast. However, increased precipitation
is expected in the Northwest.
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2. MOISTURE AND ATMOSPHERIC
STABILITY

Atmospheric Stability and Instability
• Introduction.
• Basics-Latent heat, Evaporation, Condensation,

Sublimation, Deposition.
• Humidity and types.
• Moisture and cloud formation.
• Definitions of Stability and Instability.
• Factors affecting Stability and Instability.
• Types: Absolute Stability, Absolute Instability

and Conditional Instability.
• Daily weather and Stability.
Moisture and Atmospheric Stability
Water vapor is an odorless, colorless gas that mixes
freely with the other gases of the atmosphere.
Unlike oxygen and nitrogen-the two most abundant
components of the atmosphere-water can change
from one state of matter to another (solid, liquid,
or gas) at the temperatures and pressures
experienced on Earth. By comparison, nitrogen will
not condense to a liquid unless its temperature is
lowered to -196°C (-371 °F). Because of this
unique property, water freely leaves the oceans as
a gas and returns again as a liquid.

Movement of Water through the Atmosphere
The increasing demands on this finite resource have
led scientists to focus on the continuous exchange
of water among the oceans, the atmosphere, and
the continents. This unending circulation of
Earth's water supply has come to be called the
hydrologic cycle. The hydrologic cycle is a
gigantic system powered by energy from the Sun
in which the atmosphere provides the vital link
between the oceans and continents. Water from the
oceans and, to a much lesser extent,from the
continents, evaporates into the atmosphere. Winds
transport this moisture-laden air, often over great
distances.
The process of cloud formation eventually results
in precipitation. The precipitation that falls into the
ocean has ended its cycle and is ready to begin
another. A portion of the water that falls on the
continents soaks into the ground, some of it moving
downward, then laterally, and finally seeping into
lakes and streams or directly into the ocean. Much
of the water that soaks in or runs off eventually
finds its way back to the atmosphere. In addition
to evaporation from the soil, lakes, and streams,
some water that infiltrates the ground is absorbed
by plants through their roots. They then release it
into the atmosphere, a process called transpiration.
Although transpiration is an important process in
some regions, most water vapor enters the
atmosphere through evaporation.
Because the total amount of water vapor in the
entire global atmosphere remains about the same,
the average annual precipitation over Earth must
be equal to the quantity of water evaporated. In
other words, all of the water vapor that enters the
atmosphere must eventually leave. However, for
the continents, precipitation exceeds evaporation.
Conversely, over the oceans, evaporation exceeds
precipitation. Because the level of the world ocean
is consistent runoff from landareas must balance
the deficit of precipitation over the oceans.In
summary, the hydrologic cycle depicts the
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continuous movement of water from the oceans to
the atmosphere, from the atmosphere to the land,
and from the land back to the sea. The movement
of water through the cycle holds the key to the
distribution of moisture over the surface of our
planet and is intricately related to all atmospheric
phenomena. .

Latent Heat
Whenever water changes state, heat is exchanged
between water and its surroundings. When water
evaporates, heat is absorbed. Under certain
conditions, heat may be added to a substance
without an accompanying rise in temperature. For
example, when a glass of ice water is warmed, the
temperature of the ice-water mixture remains a
constant 0°C (32°F) until all the ice has melted. If
adding heat does not raise the temperature, where
does this energy go? In this case, the added energy
went to break the molecular attractions that bind
water molecules into a crystalline structure.
Because the heat used to melt ice does not produce
a temperature change, it is referred to as latent
heat. (Latent means hidden, like the latent
fingerprints hidden at a crime scene.) This energy
can be thought of as being stored in liquid water,
and it is not released to its surroundings as heat
until the liquid returns to the solid state.
Evaporation
Heat is absorbed when ice is converted to liquid
water. Heat is also absorbed during evaporation,
the process of converting a liquid to a gas (vapor).
The energy absorbed by water molecules
duringevaporation is used to give them the motion
needed to escape the surface of the liquid and
become a gas. This energy is referred to as the latent
heat vaporization. During the process of

evaporation, it is the higher-temperature (faster-
moving) molecules that escape the surface. As a
result, the average molecular motion (temperature)
of the remaining water is reduced- hence, the
common expression"Evaporation is a cooling
process."

Condensation, the reverseprocess, occurs when
water vapor changes to the liquid state. During
condensation, water-vapor molecules release
energy (latent heat of condensation) in an amount
equivalent to what was absorbed during
evaporation. When condensation occurs in the
atmosphere, it results in the formation of such
phenomena as fog and clouds.
Sublimation is the conversion of a soliddirectly
to a gas without passing through the liquidstate.
Examples you may have observed include the
gradual shrinking of unused ice cubes in the freezer
and the rapid conversion of dry ice (frozen carbon
dioxide) to wispy clouds that quickly disappear.
Deposition refers to the reverse process, the
conversion of a vapor directly to a solid.This
change occurs, for example, when water vapor is
deposited as ice on solid objects such asgrass or
windows. These deposits are called white frost and
hoar frost and are frequently referred to simply as
frost. A household example of the process of
deposition is the "frost" that accumulates in a
freezer
Humidity-Water Vapor in the Air
Water vapor is the most important gas in the
atmosphere when it comes to understanding
atmospheric processes. Humidity is the general
term used to describe the amount of water vapor in
the air.There are several methods to express the
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water-vapor content of the air, including (1)
absolute humidity, (2) mixing ratio, (3) vapor
pressure, (4) relative humidity, and (5) dew point.
Two of these methods, absolute humidity and
mixing ratio, are similar
Absolute Humidity is the mass of water vapor in
a given volume of air (usually as grams per cubic
meter)As air moves from one place to another,
changes in pressure and temperature cause changes
in its volume. When such volume changesoccur,
the absolute humidity also changes, even if no water
vapor is added or removed. Consequently, it
isdifficult to monitor the water-vapor content of a
moving mass of air if absolute humidity is the index
being used. Therefore, meteorologists generally
prefer to employ mixing ratio to ex-press the water-
vapor content of air.
The mixing ratio is the mass of water vapor in a
unit of air compared to the remaining mass of dry
air.Because it is measured in units of mass (usually
grams per kilogram), the mixing ratio is not affected
by changes in pressure or temperature.
Neither the absolute humidity nor the mixing ratio,
however, can be easily determined by direct
sampling. Therefore, other methods are also used
to express the moisture content of the air. These
include vapor pressure, relative humidity, and dew
point.
Vapor Pressure and Saturation
Another measure of the moisture content of the air
is obtained from the pressure exerted by water
vapor. To understand howwater vapor exerts
pressure, imagine a closed flask containing pure
water and overlaid by dry air. Almost immediately
some of the water molecules begin to leave the
water surface and evaporate into the dry air above.
The addition of water vapor into the air can be
detected by a small increase in pressure. This
increase in pressure is the result of the motion of
the water-vapor molecules that were added to the
air through evaporation. In the atmosphere, this
pressure is called vapor pressure and is defined as
that partofthe total atmospheric pressure
attributable to its water-vapor content.
Initially, many more molecules will leave the water
surface (evaporate) than will return (condense).
However, as more and more molecules evaporate
from the water surface, the steadily increasing
vapor pressure in the air above forces more and
more water molecules to return to the liquid.
Eventually a balance is reached in which the
number of water molecules returning to the surface
balances the number leaving.  Atthat point the air
is said to have reached an equilibrium
calledsaturation. When air is saturated, the pressure

exerted by the motion of the water-vapor molecules
is called the saturation vapor pressure.
The saturation vapor pressure is temperature-
dependent, such that at higher temperatures it takes
more water vapor to saturate air.
The other major factor determining which will
dominate, evaporation or condensation, is the vapor
pressure in the air around the liquid. Recall from
our example of a closed container that vapor
pressure determines the rate at which the water
molecules return to the surface (condense). When
the air is dry (low vapor pressure), the rate at which
water molecules return to the liquid phase is low.
However, when the air around a liquid has reached
the saturation vapor pressure, the rate of
condensation will be equal to the rate of
evaporation. Thus, at saturation there is neither a
net condensation nor a net evaporation. Therefore,
all else being equal, net evaporation is greater when
the air is dry (low vapor pressure) than when the
air is humid (high vapor pressure).
Relative humidity is a ratio of the air's actual
water-vapor content compared with the amount of
water vapor required for saturation at that
temperature (and pressure).Thus, relative humidity
indicates how near the air is to saturation rather
than the actual quantity of water vapor in the air
When the relative humidity reaches 100 cent, the
air is said to be saturated.
How Relative Humidity Changes
Because relative humidity is based on the air's
water-vapour content, as well as the amount of
moisture required for saturation, it can be changed
in either of two ways. First, relative humidity can
be changed by the addition or removal of water
vapor. Second, because the amount of moisture
required saturation is a function of air temperature,
relative humidity varies with temperature. (Recall
that the saturation vapour pressure is temperature
dependent, such that at higher temperatures, it takes
more water vapor to saturate air than lower
temperatures.)
Humidity increases until saturation occurs (100
percent relative humidity). What if even more
moisture is added to this parcel of saturated air?
Does the relative humidity exceed 100 percent?
Normally, this situation does not occur. Instead, the
excess water vapor condenses to form liquid water.
The second condition that affects relative humidity
is air temperature When the water-vapor content
remains constant, a decrease in temperature results
in an increase in relative humidityand an increase
in temperature causes a decrease in relative
humidity.
Dew-Point Temperature
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Another important measure of humidity is the dew-
point temperature. The dew-point temperature, or
simply the dew point, is the temperature to whichair
needs to be cooled to reach saturation.Unlike
relative humidity, which is a measure of how near
the air is to being saturated, dew-point temperature
is a measure of the actual moisture content of a
parcel of air.Because the dew-point temperature is
directly related to the amount of water vapor in the
air, and because it is easy to determine, it is one of
the most useful measures of humidity.
Because the dew-point temperature is a good
measure o the amount of water vapor in the air, it
is the measure of atmospheric moisture that appears
on a variety of weather maps
Adiabatic Temperature Changes Condensation
occurs when water vapor is cooled enough to
change to a liquid. Condensation may produce dew,
fog, or clouds. Although each type ofcondensation
is different, all require saturated air to form. As
indicated earlier, saturation occurs either when
sufficient water vapor is added to the air or, more
commonly, when the air is to its dew-point
temperature.
Heat near Earth's surface is readily exchanged
between the ground and the air above. As the ground
loses heat evening (radiation cooling), dew may
condense on thegrass and fog may form in the air
near the surface. Thus, cooling that occurs after
sunset accounts for some condensation. However,
cloud formation often takes place during warmest
part of the day. Clearly some other mechanismmust
operate aloft that cools air sufficiently to generate
clouds.The temperature changes in which heat is
neither added nor subtracted, are called adiabatic
temperature changes. They result when air is
compressed or allowed to expand.
Adiabatic Cooling and Condensation
Any time a parcel of air moves upward, it passes
through regions of successively lower pressure. As
a result, ascending air expands and it cools
adiabatically. Unsaturated air cools at a constant
rate of 100C for every 1000 meters of ascent
conversely, descending air comes under increasing
pressure and is compressed and heated 100C for
every 1000 meters of descent. This rate of cooling
or heating applies only to vertically moving
unsaturated air and is known as the dry adiabatic
rate ("dry" because the air is unsaturated).
If a parcel of air rises high enough, it will eventually
cools to its dew point. Herethe process of
condensation starts the altitude at which a parcel
of air reaches saturation and cloud formation begins
is called the lifting condensation level. At the
lifting condensation level an important thing

happens. The latent heat that was absorbed by the
water vapor it evaporated is liberated. Although
the parcel will continue to cool adiabatically, the
release of this latent heat slows the rate of cooling.
In other words, when a parcel of air ascends above
the lifting condensation level, the rate of cooling is
reduced because the release of latent heat partially
offsets the cooling due to expansion. This slower
rate of cooling caused by the release of latent heat
is called the wet adiabatic rate of cooling ("wet"
because the air is saturated).Because the amount
of latent heat released depends on the quantity of
moisture present in the air, the wet adiabatic rate
varies from 5°C per 1000 meters for air with a high
moisture content to 9°C per 1000 meters for air
with a low moisture content

Moisture and Cloud Formation
In general the tendency is for air to resist vertical
movement. Therefore, air is located near the surface
tends to stay near the surface, and air aloft tends
remain aloft. Exception to this rule, as we shall
see, include conditions in the atmosphere that give
air sufficient buoyancy to rise without the aid of
outside forces. In many situations, however, when
you see clouds forming, there is some mechanical
phenomenon at work that forces the air rise (at least
initially).
There are four mechanisms that cause air to rise
which are as follows-
• Orographic lifting- air is forced to rise over a

mountainous barrier.
• Frontal wedging- warmer, less dense air, is

forced over cooler, denser air.
• Convergence- a pile-up of horizontal air
• Localized convective lifting- unequal surface

heating causes localized pockets of air to rise
because of their buoyancy.
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Orographic Lifting
Orographic lifting occurs when elevated terrains,
such as mountains, act as barriers to the flow of
air As air ascends a mountain slope, adiabatic
cooling oftengenerates clouds and copious
precipitation

Orographic lifting and rainshadow deserts, (a)
Orographic lifting occurs where air is forced over
a topographic barrier.
In addition to providing lift, mountains remove
additional moisture in other ways. By slowing the
horizontal flow of air, they cause convergence and
retard the passage of storm systems. Moreover, the
irregular topography of mountains enhances the
differential heating that causes some localized
convective lifting. These combined effects account
for the generally higher precipitation associated
with mountainous regions compared with
surrounding lowlands. By the time air reaches the
leeward side of a mountain, much of its moisture
has been lost. If the air descends, it warms
adiabatically, making condensation and
precipitation even less likely. The Gobi Desert of
Mongolia, the Takla Makan of China, and the
Patagonia Desert of Argentina are other examples
of deserts that exist because they are on the leeward
sides of mountains.

Orographic lifting and the formation of rain shadow
deserts.From the cloud base to the top of the
mountain, water vapor within the rising air is
condensing to form more and more cloud droplets.
As a result, the windward side of the mountain
range experiences abundant precipitation.For
simplicity, we will assume that the air that was
forced to the top of the mountain is cooler than the
surrounding air and hence begins to flow down the
leeward slope of the mountain. As the air descends,
it is compressed and heated at the dry adiabatic
rate upon reaching the base of the mountain range,
the temperature of the descending air has risen to
40°C, or 10°C warmer than the temperature at the
base of the mountain on the windward side. The
higher temperature on the leeward side is the result
of the latent heat that was released during
condensation as the air ascended the windward
slope of the mountain range.
Two reasons account for the rain shadow commonly
observed on leeward mountain slopes. First, water
is extracted from air in the form of precipitation on
the windward side. Second, the air on the leeward
side is warmer than the air on the windward side.
(Recall that whenever the temperature of air rises,
the relative humidity drops).
Frontal Wedging
If orographic lifting were the only mechanism that
forced air aloft, the relatively flat central portion
of North America would be an expansive desert
instead of being as the nation's breadbasket.
Fortunately, this is not the case In central North
America, masses of warm and cold air collide
producing a front. Here the cooler, denser air acts
as a barrier over which the warmer, less dense air
rises. This process, called frontal wedging.Weather-
producing fronts are associated with storm systems
called middle-latitude cyclones. Because these
storms are responsible for producing a high
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percentage of the precipitation in the middle
latitudes.

Frontal wedging. Colder, denser air acts as a
barrier over which warmer, less dense air rises

Convergence We saw that the collision of
contrasting air masses forces air to rise. In a more
general sense, whenever air in the lower
troposphere flows together, lifting results. This
phenomenon is called convergence. When air
flows in from more than one direction, it must go
somewhere. As it cannot go down, it goes up this,
of course, leads to adiabatic cooling and possibly
cloud formation.Convergence can also occur
whenever an obstacle slows or restricts horizontal
air flow (wind). We saw earlier that mountains slow
winds and cause convergence. Further, when air
moves from a relatively smooth surface, such as
the ocean, onto an irregular landscape its speed is
reduced. The result is a pileup of air
(convergence).When air converges, the air
molecules do not simply squeeze closer together
rather, there is a net upward flow.

Convergence, (a) When surface air converges, the
column of air increases in height to allow for the
decreased area it occupies
The Florida peninsula provides an excellent
example of the role that convergence can play in
initiating cloud development and precipitation. On
warm days, the airflow is from the ocean to the
land along both coasts of Florida. This leads to a
pileup of air along the coasts and general
convergence over the peninsula. This pattern of air
movement and the uplift that results is aided by
intense solar heating of the land. The result is that
the peninsula of Florida experiences the greatest
frequency of mid-afternoon thunderstorms in the
United States More important, convergence as a
mechanism of forceful lifting is a major contributor
to the weather associated with middle-latitude
cyclones and hurricanes. The low-level horizontal
airflow associated with these systems is inward and
upward around their centers
Localized Convective Lifting
On warm summer days, unequal heating of Earth's
surface may cause pockets of air to be warmed more
than the surrounding air. Consequently, the parcel
of air which is warmer (less dense) than the
surrounding air, will be buoyed upward. These
rising parcels of warmer air are calledthermals. The
phenomenon that produces rising thermals is called
localize convective lifting. When these warm
parcels of air rise above the lifting condensation
level, clouds form, which on occasion produce mid-
afternoon rain showers. The height of clouds
produced in this fashion is somewhat limited, for
instability caused solely by unequal surface heating
is confined to, at most, the first few kilometers of
the atmosphere. Also, the accompanying rains,
although occasionally heavy, are of short duration
and widely scattered.
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The Critical Weather maker: Atmospheric
Stability
A parcel of air can be thought of as having a thin
flexible cover that allows it to expand but prevents
it from mixing with the surrounding air If the parcel
were cooler than the surrounding environment, it
would be more dense; and if allowed to do so, it
would sink to its original position. Air of this type,
called stable air. This resists vertical movement.
But if the rising parcel were warmer and hence less

dense than the surrounding air, it would continue
to rise until it reached an altitude where its
temperature equaled that of its surroundings This
type of air is classified as unstable air.
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Atmospheric instability and cloud development

Types of Stability
The stability of the atmosphere is determined by
measuring the air temperature at various heights.
Recall that this measure is called the environmental
lapse rate The environmental lapse rate is the actual
temperature of the atmosphere, as determined from
observations made by radiosondes and aircraft.
Adiabatic temperature changes are changes in
temperature that a parcel of air would experience
if it moved vertically through the atmosphere.
There are three fundamental conditions of the
atmosphere: Absolute stability,Absolute instability
and Conditional instability.
Absolute Stability  prevails when the
environmental lapse rate is less than
theadiabatic lapse rate The most stable conditions

occur when the temperature of a layer of air actually
increases with altitude. When such a reversal
occurs, a temperature inversion exists. Many
circumstances can create temperature inversions.
Temperatureinversions frequently occur on clear
nights as a result radiation cooling at Earth's
surface. Under these conditions an inversion is
created because the ground and the air next to it
will cool more rapidly than the air aloft.
Temperature inversions also occur in winter when
warm air from the Gulf of Mexico invades the cold,
snow-covered surface of the midcontinent. Anytime
there is   warmer air over cooler air, the resulting
layer is extremely stable and less appreciable
vertical mixing. Because of this, temperature
inversions are responsible for trapping pollutants
in a narrow zone near Earth's surface.
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Absolute Instability A layer of air is said to exhibit
absolute instability when the environment lapse
rate is greater than the dry adiabatic rate. The
ascending parcel of air is always warm than its
environment and will continue to rise because of
own buoyancy. Absolute instability occurs most

often during the warmest months and on clear days
when solar heating is intense. Under these
conditions the lowermost layer of the atmosphere
is heated to a much higher temperature than the air
loft. This results in a steep environmental lapse rate
and a very unstable atmosphere.

Temperature inversion conditions
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Conditional Instability This situation prevails
when moist air has an environmental lapse rate
between the dry and wet adiabatic rates
(between about 5= and 10°C per 1000 meters).
Simply stated, the atmosphere is saidto be
conditionally unstable when it is stable with respect
to an unsaturated parcel of air, but unstable with
respect to a saturated parcel of air With thereleaseof
latentheat above the lifting condensation level, the
parcel becomes warmer than thesurrounding air.
From this point along its ascent, the parcel will
continue to rise without an outside forces.
Thus, conditional instability depends on whether
or not the rising air is saturated. The word
"conditional" is used because the air must be forced
upward before it reaches the level where it becomes
unstable and rises on its own.

In short, the stability of air is determined by
measuring the temperature of the atmosphere at
various heights (environmental lapse rate). In
simple terms, a column of air is deemed unstable
when the air near the bottom of this layer is
significantly warmer (less dense) than the air aloft,
indicating steep environmental lapse rate. Under
these conditions, the air actually turns over because
the warm air below rises and displaces the colder
air aloft. Conversely, the air is considered to be
stable when the temperature decreases gradually

with increasing altitude. The most stable conditions
occur during temperature inversion when the
temperature actually increases with height. Under
these conditions, there is very little vertical air
movement.
Stability and Daily Weather
When stable air is forced aloft, the clouds that form
are widespread and have little vertical thickness
compared with their horizontal dimension.
Precipitation, if any, is light to moderate. In
contrast, clouds associated with unstable air are
towering and are usually accompanied by heavy
precipitation. Thus,on a dreary and overcast day
with light drizzle, stable air was forced aloft.
Conversely,on a day when cauliflower-shaped
clouds appear to be growing as if bubbles of hot
air were surging upward, we can berelatively

certain that the atmosphere is unstable
Instability is enhanced by the following:
1. Intense solar heatingwarming the lowermost

layer of the atmosphere.
2. The heating of an air mass from below as it

passes over a warm surface.
3. General upward movement of air caused by

processes such as orographic lifting, frontal
wedging, and convergence.
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4. Radiation cooling from cloud tops.
Most processes that alter stability result from
temperature changes caused by horizontal or
vertical movement, although daily temperature
changes are important too. In general, any factor
that increases the environmental lapse rate renders
the air more unstable, whereas a factor that reduces
the environmental lapse rate increases the air's
stability.The role of stability in determining our
daily weather cannot be overemphasized. The air's
stability, or lack of it, determines to a large degree
whether clouds develop and produce precipitation
and whether that precipitation will come as a gentle
shower or a violent downpour. In general, when
stable air is forced aloft, the associated clouds have
little vertical thickness, and precipitation, if any, is
high. In contrast, clouds associated with unstable
air are towering and are frequently accompanied
by heavy precipitation.





PREP-SUPPLEMENT:                       CLIMATOLOGY

25

3. FORMS OF CONDESATION AND
PRECIPITATION

Forms of Condensation and Precipitation
Views of Earth from space show that clouds are
abundant. Covering up to 75 percent planet at any
given time, clouds play a prominent role in
determining how much sunlight reaches Earth's
surface and how much is reflected back to space.
Furthermore amount and type of cloud cover
strongly influences the amount of heat that escapes
the surface in the form of longwave radiation. In
short, clouds play a central role in climate system.
Cloud Formation
Clouds can be defined as visible aggregate of
minute droplets of water, or tiny crystals of ice, or
a mixture of both. In addition to being prominent
and sometimes spectacular features in the sky,
clouds are of continual interest to meteorologists
because they provide a visible indication of what
is going on in the atmosphere.
Condensation Aloft
Clouds are a form of condensation produced when
water vapor condenses in the atmosphere. Clearly
the most important cloud-forming process is
adiabatic cooling. Any time a parcel of air ascends,
it passes through regions of successively lower
pressure. As a result, rising air expands and cools
adiabatically. At a height called the Iifting
condensation level, the ascending parcel has cooled
to its dew-point temperature, and further ascent
(cooling) causes condensation.
Condensation occurs when water vapor changes
to a liquid. The result of this process may be dew,
fog, or clouds. Although each type of condensation
is somewhat different, they all form when two
conditions are met. First, for any form of
condensation to occur, the air must be saturated
(or nearly so). Saturation occurs most often when
air is cooled to its dew point. (Condensation may
also occur when sufficient water vapor is added
to a layer of the atmosphere.) Second, there
generally must be a surface on which the water
vapor can condense. When dew forms, objects at
or near the ground, like blades of grass, serve this
purpose.
When condensation occurs aloft, tiny particles
known as cloud condensation nuclei serve as
surfaces on which water vapor condenses. Nuclei
are important because, if they are absent, a relative
humidity well in excess of 100 percent is necessary
to produce cloud droplets. (At very low
temperatures-low kinetic energies-water molecules
will "stick together" in tiny clusters without the

presence of condensation nuclei.) Cloud
condensation nuclei include microscopic dust,
smoke, and salt particles, all of which are profuse
in the lower atmosphere. Consequently, in the
troposphere the relative humidity seldom exceeds
100 percent.
Growth of Cloud Droplets
Particles that are the most effective sites for
condensation are called hygroscopic (water-
seeking) nuclei. Some familiar food items, such
as crackers and cereals, are hygroscopic, which is
why they quickly absorb moisture when exposed
to humid air and become stale.
Over the ocean, salt particles are released into the
atmosphere when sea spray evaporates. Because
salt is hygroscopic, water droplets begin to form
around sea salt particles at relative humidity less
than 100 percent. As a result, the cloud droplets
that form on salt are generally much larger than
those that grow on hydrophobic (water-
repelling) nuclei. Although hydrophobic particles
are not efficient condensation nuclei cloud droplets
will form on them whenever the relative humidity
reaches 100 percent.
Dust storms, volcanic eruptions, and pollen are
major sources of cloud condensation nuclei on
land. In addition, hygroscopic nuclei are introduced
into the atmosphere as a by-product of combustion
(burning) from such sources as forest fires,
automobiles, and coal-burning furnaces. Because
cloud condensation nuclei have a wide range of
affinities for water, cloud droplets of various sizes
often coexist in the same cloud. This fact has
important consequences for the formation of
precipitation
Initially, the growth of cloud droplets is rapid.
However, the rate of growth quickly diminishes
because the available water vapor consumed by
the large number of competing droplet. The result
is the formation of a cloud consisting of billions
of tiny water droplets, all, so small that they remain
suspended in air. Even in very moist air, the growth
of cloud droplets by additional condensation is
quite slow. Furthermore, the immense size
difference between cloud droplets and raindrops
(it takes about a million cloud droplets to form a
single raindrop) suggests that condensation alone
is not responsible for the formation of drops (or
ice crystals) large enough to fall to the ground
without evaporating.

Cloud Classification
Forms of Condensation and Precipitation
Prior to the beginning of the nineteenth century,
there were no generally accepted names for clouds.
In 1803 Luke Howard, an English naturalist,
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published a cloud classification that met with great
success and subsequently served as the basis of
our present-day system.
Clouds are classified on the basis of two criteria -
.form and height. Three basic cloud forms are
recognized:
• Cirrus clouds are high, white, and thin. They

are separated or detached and form delicate veil
like patches or extended wispy fibers and often
have a feathery appearance. (Cirrus is a Latin
word meaning "curl" or "filament.")

• Cumulus clouds consist of globular individual
cloud masses. Normally they exhibit a flat base
and appear as rising domes or towers. Such
clouds are frequently described as having a
cauliflower-like structure.

• Stratus clouds are best described as sheets or
layers (strata) that cover much or all of the sky.
Although there may be minor breaks, there are
no distinct individual cloud units.

All clouds have one of these three basic forms or
combinations or modifications of them.

Looking at the second aspect of cloud
classification- height-three levels are recognized:
high, middle, and low. High clouds normally have
bases above 6000 meters (20,000 feet); middle
clouds generally occupy heights from 2000 to
6000 meters; low clouds form below 2000 meters
(6500 feet). These altitudes are not hard and fast.

They vary somewhat by season of the year and by
latitude. Athigh (poleward) latitudes or during cold
winter months, high clouds generally occur at
lower altitudes. Further, some clouds extend
vertically to span more than one height range.
These are called clouds of vertical development.
Ten basic cloud types are recognized
internationally whose descriptions are given
below:
High Clouds
Three cloud types make up the family of high
clouds (above 6000 meters/20,000 feet). They are
cirrus, cirrostratus, and cirrocumulus. Because of
the low temperatures and small quantities of water
vapor present at high altitudes, all high clouds are
thin and white and made up primarily of ice
crystals.
Cirrus clouds are detached clouds composed of
white, delicate, icy filaments. Winds aloft often
cause these fibrous ice trails to bend or curl.
Cirrostratus is a transparent, whiteish cloud veil
of fibrous or sometimes smooth appearance that

may cover much or all of the sky. This cloud is
easily recognized when it produces a halo around
the Sun or Moon. On occasions, cirrostratus may
be so thin and transparent that the clouds are barely
discernible. With the approach of a warm front,
cirrostratus clouds generally thicken and grade into
middle-level altostratus clouds.
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Basic Cloud Types
Cloud family and height                        Cloud type                         Characteristics
High clouds-above 6000m Cirrus (Ci)   Thin, delicate, fibrous, ice-
(20,000 ft) crystal clouds. Sometimes appear as

hooked filaments called "mares' tails"
(cirrus uncinus).

Cirrostratus (Cs) Thin sheet of white, ice-crystal clouds that
may give the sky a milky look. Sometimes
produces halos around the Sun and Moon.

Cirrocumulus (Cc) Thin, white, ice-crystal clouds. In the form
of ripples or waves, or globular masses
all in a row. May produce a "mackerel
sky." Least common of high clouds.

Middle clouds-2000-6000m Altocumulus (Ac) White to gray clouds often made up of
separate globules; "sheepback" clouds.

Altostratus (As) Stratified veil of clouds that is generally
thin and may produce very light
precipitation. When thin, the Sun or Moon
may be visible as a "bright spot," but no
halos are produced.

Low clouds-below 2000m Stratus (St) Low uniform layer resembling fog but not
resting on the ground. May produce
drizzle.

Stratocumulus (Sc) Soft, gray clouds in globular patches or
rolls. Rolls may join together to make a
continuous cloud.

Nimbostratus (Ns) Amorphous layer of dark gray clouds. One
of the chief precipitation producing clouds.

Clouds of vertical development Cumulus (Cu) Dense, billowy clouds often characterized
by flat bases. May occur as isolated clouds
or closely packed.

Cumulonimbus (Cb) Towering cloud, sometimes spreading out
on top to form an "anvil head." Associated
with heavy rainfall, thunder, lightning,
hail, and tornadoes.

Cirrocumulus clouds appear as white patches
composed of ver small cells or ripples. Most often
the masses that make up these clouds have an
apparent width similar to that of the Sun.
Furthermore, these small globules, which may be
merged or separate, are often arranged in a regular
pattern. This pattern is commonly called "mackerel
sky" because of the similarity to the pattern formed
by fish scales.

High clouds generally are not precipitation makers.
However, when cirrus clouds give way to
cirrocumulus clouds that cover even more of the
sky, they may warn of impending stormy weather.
The following mariner's saying is based on this
observation: Mackerel scales and mares' tails make
lofty ships carry low sails.
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Middle Clouds
Clouds that appear in the middle altitude range
(2000 to 6000 meters/6500 to 20,000 feet) have
the prefix alto as part of their name. There are two
types: altocumulus and altostratus.
Altocumulus tends to form in large patches
composed of rounded masses or rolls that may or
may not merge. Because they are generally
composed of water droplets rather than ice crystals,
the individual cells usually have a more distinct
outline. Altocumulus is most easily confused with
two other cloud types: cirrocumulus (which are
smaller and less dense) and stratocumulus (which
are larger).
Altostratus is the name given to a formless layer
of grayish clouds covering all or a large portion of
the sky. Generally, the Sun is visible through these
clouds as a bright spot, but with the edge of its
disc not discernible. However, unlike cirrostratus
clouds, altostratus does not produce halos.
Infrequent precipitation in the form of light snow
or drizzle may accompany these clouds. Altostratus
clouds are commonly associated with warm fronts.
As the front approaches, the clouds thicken into a
dark gray layer of nimbostratus that is capable of
producing copious rainfall.
Low Clouds
There are three members of the family of low
clouds (below 2000 meters/6500 feet): stratus,

stratocumulus, and nimbostratus.
Stratus is a uniform layer that frequently covers
much of the sky and, on occasion, may produce
light precipitation. When stratus clouds develop a
scalloped bottom that appears as long parallel rolls
or broken globular patches, they are called
stratocumulus clouds.
Nimbostratus clouds derive their name from the
Latin nimbus, "rain cloud," and stratus, "to cover
with a layer". As the name implies, nimbostratus
clouds are one ofthe chief precipitation producers.
Nimbostratus clouds form in association with
stable conditions. We might not expect clouds to
grow or persist in stable air, yet cloud growth of
this type is common when air is forced to rise, as
along a front or near the center of a cyclone where
converging winds cause air to ascend. Such forced
ascent of stable air leads to the formation of
stratified cloud layer that is large horizontally
compared to its thickness. Precipitation associated
with nimbostratus clouds is generally light to
moderate but of long duration and wide spread.
Clouds of Vertical Development
Some clouds do not fit into any one of the three
height categories. Such clouds have their bases in
the low height range and extend upward into the
middle or high altitudes; they are referred to as
clouds of vertical development. Vertically
developed clouds are all closely related and are
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associated with unstable air. There are two types,
cumulus and cumulonimbus.
Cumulus clouds are individual masses that develop
into vertical domes or towers, the tops of which
often resemble cauliflower. Cumulus clouds most
often form onclear days when unequal surface
heating causes parcels of air to rise convectively
above the lifting condensation level. This level is
often apparent to an observer because the flat cloud
bottoms define it.
On days when cumulus clouds are present, we
usually notice an increase in cloudiness into the
afternoon as solar heating intensifies. Furthermore,
because small cumulus clouds (cumulus humilis)
rarely produce appreciable precipitation, and
because they form on "sunny" days, they are often
called "fair-weather clouds."
Although cumulus clouds are associated with fair
weather, they may, under the proper circumstances,
grow dramatically in height. Once upward
movement is triggered, acceleration is powerful,
and clouds with great vertical extent are formed.
As the cumulus enlarges, its top leaves the low
height range, and it is called a cumulus congestus.
Finally, when the cloud becomes even more
toweringand rain begins to fall, it becomes a
cumulonimbus.
Cumulonimbus are dark, dense, billowy clouds of
considerable vertical extent in the form of huge
towers. In its later stages of development, the upper
part of a cumulonimbus turns to ice and appears
fibrous. Furthermore, the tops of these clouds
frequently spread out in the shape of an anvil.
Cumulonimbus towers extend from a few hundred
meters above the surface upward to 12 kilometers
(7 miles) or, on rare occasions, 20 kilometers (12
miles). These huge towers produce heavy
precipitation with accompanying lightning and
thunder and occasionally hail.
Types of Fog
Fog is generally considered an atmospheric hazard.
When itis light, visibility is reduced to 2 or 3
kilometers (1 or 2 miles).When it is dense,
visibility may be cut to a few dozen meters or less,
making travel by any mode not only difficult but
dangerous. Official weather stations report fog
only when the visibility is reduced to kilometer or
less. Although arbitrary, this figure does permit a
more objective criterion for comparing fog

frequencies at different locations.
Fog is defined as a cloud with its base at or very
near the ground. Physically, there is basically no
difference between a fog and a cloud; their
appearance and structure are the same. The
essential difference is the method and place of
formation. Clouds result when air rises and cools
adiabatically. Fog results from cooling or by the
addition of enough water vapor to cause saturation.
Fogs Formed by Cooling
When the temperature of a layer of air in contact
with ground falls below its dew point, condensation
produces fog. Depending upon the prevailing
conditions, the ground may become shrouded in
radiation fog, advection fog, or up-slope fog.
Radiation Fog As the name implies, radiation fog
results from radiation cooling of the ground and
adjacent air. It is a nighttime phenomenon requiring
clear skies and a fairly high relative humidity.
Under these circumstancestheground and theair
immediately above it will cool rapidly. Because
the relative humidity is high, just a small amount
of cooling will lower the temperature to the dew
point. If the air is calm, the fog may be patchy and
less than a meter deep. For radiation fog to be more
extensive vertically, a light breezeof3to 5
kilometers (2 to 3 miles) per hour is necessary.
Then the light wind creates enough turbulence to
carry the fog upward 10 to 30 meters (30 to 100
feet) without dispersing it.
Because the air containing the fog is relatively cold
and dense, it drains downslope in hilly terrain. As
a result, radiation fog is thickest in valleys,
whereas the surrounding hills are clear. Normally
these fogs dissipate within one to three hours after
sunrise. Often the fog is said to "lift."
However, it does not rise. Instead, the Sun warms
the ground, which in turn heats the lowest layer of
air first. Consequently, the fog evaporates from
the bottom up, giving the impression of lifting. The
last vestiges of radiation fog may appear to be a
low stratus cloud layer.
Radiation fog may also form when the skies clear
after a rainfall. In these situations, the air near the
surface is close to saturation and only a small
amount of radiation cooling is needed to promote
condensation. Radiation fog of this type often
occurs around sunset and can make driving
hazardous.
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Advection Fog When warm and moist air is blown
over a cold surface, it becomes chilled by contact
and, to a certain extent, by mixing with the cold
air created by the cold surface below. If cooling is
sufficient, the result will be a blanket of fog called
advection fog. The term advection refers to air
moving horizontally. Therefore, advection fogs are
a consequence of air giving up heat to the surface
below during horizontal movement. A classic
example is the frequent advection fog around San
Francisco's Golden Gate Bridge.

A certain amount of turbulenceis needed for proper
development of advection fog. Thus, winds
between(and 30lkilo-meters (6 and 18 miles)
perhour are usually associated with it. Not only
does the turbulence facilitate cooling through a
thicker layer of air but it also carries the fog to
greaterheights.Unlike radiation fogs, advection
fogs are often thick (300 to 600 meters deep) and
persistent.
Advection fog is a common wintertime
phenomenon along the Gulf and Atlantic coasts.
There, comparatively warm, moist air from the
Gulfof Mexico and Atlantic moves over cold and
occasionally snow-covered surfaces to produce
widespread foggy conditions. These fogs are
frequently thick and produce hazardous driving
conditions.

Upslope Fog As its name implies,upslope fog is
created when relatively humid air moves up a
gradual sloping plain or, in some cases, up the steep
slopes of a mountain. Because of the upward
movement, air expands and cools adiabatically
(this is the only type of fogthat forms
adiabatically). If the dew point is reached, an
extensive layer of fog may form.
Fogs Formed by Evaporation
When saturation occurs primarily because of the
addition of water vapor the resulting fogs are called

evaporation fogs. Two types of evaporation fogs
are recognized: steam fog and frontal
(precipitation) fog.
Steam Fog When cool air moves over warm water,
enough moisture may evaporate from the water
surface to saturate the air immediately above. As
the rising water vapor meets the cold air, it
condenses and rises with the air that is being
warmed from below. Because the rising air looks
like the "steam" that forms above a hot cup of
coffee, the phenomenon is called steam fog. It is
fairly common occurrence over lakes and rivers
on clear, crisp mornings in the fall when the waters
are still relatively warm while theair is rathercold.
Steamfogis often shallow, for as it rises, the water
droplets evaporate as they mix with the unsaturated
air above.
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During the winter, cold arctic air pours off the
continents andice shelves onto the comparatively
warm open ocean. The temperature contrast
between the warm ocean and cold air has been
known to exceed 30°C (54°F). The result is an
intense steam fog produced as the rising water
vapor saturates a large volume of air. Because of
its source and appearance, this type of steam fog
is given the name arctic sea smoke.
Frontal Fog When frontal wedging occurs; warm
air is lifted over colder air. If the resulting clouds
yield rain, and the cold air below is near the dew
point, enough rain can evaporate to produce fog.
A fog formed in this manner is called frontal or
precipitation fog. The result is a more or less
continuous zone of condensed water droplets
reaching from the ground up through the clouds.
In summary, both steam fog and frontal fog result
from the additionmoisture, to a layer of air. As
you saw, the air is usually cool or cold and already
near saturation. Thus, only a relatively modest
amount of evaporation is necessary to produce
saturated conditions and fog.
The frequency of dense fog varies considerably
from place to place. As might be expected, fog
incidence is highest in coastal areas, especially
where cold currents prevail, as along the Pacific
and New England coasts. Relatively high
frequencies are also found in the Great Lakes
region and in the humid Appalachian Mountains
of the East. In contrast, fogs are rare in the interior
of the continent, especially in the arid and semiarid
areas of the West.
Dew and Frost
Clouds and fog are the most conspicuous and
meteorologically important forms of condensation.
Dew and white frost must be considered minor by
comparison. These common forms of condensation
generally result from radiation cooling on clear,
cool nights.
Dew is the condensation of water vapor on objects
that have radiated sufficient heat to lower their

temperature below the dew point of the
surrounding air. Because different objects radiate
heat at different rates, dew may form on some
surfaces but not on others. An automobile, for
example, may be covered with dew shortly after
sunset, whereas the concrete driveway surrounding
the car remains free of condensation throughout
the night.
Dew is a common sight on lawns in the early
morning. In fact, the grass will frequently have a
coating of dew when nothing else does. Dew is
more frequent on grass because the transpiration
of water vapor by the blades raises the relative
humidity to higher levels directly above thegrass.
Therefore, only modest radiation cooling may be
necessary to bring about saturation and
condensation.
Contrary to popular belief, white frost is not frozen
dew. Rather, white frost (hoar frost) forms when
the dew point of the air is below freezing. Thus,
frost forms when water vapor changes directly
from a gas into a solid (ice), without entering the
liquid state. This process, called deposition
produces delicate patterns of ice crystals that
frequently decorate windows in northern winters.
How Precipitation Forms
Forms of Condensation and Precipitation
Although all clouds contain water, why do some
produce precipitation and others drift placidly
overhead?
This seemingly simple question perplexed
meteorologists for many years. Before examining
the processes that generate precipitation we need
to examine a couple of facts.
First cloud droplets are very tiny 20 micrometers
(0.02 millimeter), in a diameter. The small size of
cloud droplets results mainly because condensation
nuclei are usually very abundant and the
availablewater is distributed among numerous
droplets rather than concentrated into fewer large
droplets.
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Second,because of their small size, therate at which
cloud droplets fall is incredibly slow. An average
cloud droplet falling from a cloud base at 1000
meters would require several hours to reach the
ground. However, it would never complete its
journey. This cloud droplet would evaporate before
it fell a few meters from the cloud base into the
unsaturated air below.
Two processes are responsible for the, formation
of precipitation: the Bergeron process and the
collision-coalescence process.
Precipitation from Cold Clouds
The Bergeron Process
The process that generates much of the
precipitation in the middle latitudes is named the
Bergeron process for its discoverer, the highly
respected Swedish meteorologist, Tor Bergeron.
The Bergeron process, which involves ice-crystal
growth, depends on the coexistence of water vapor,
liquid cloud droplets, and ice crystals. To
understand just how this mechanism operates, we
must first examine two important properties of
water. First, cloud droplets do not freeze at 00C
as expected. In fact, pure water suspended in air
does not freeze until it reaches a temperature of
nearly -400C (-400F. water in the liquid state
below 00C (320F) is referred to as supercooled.
Supercooled water will readily freeze if it impacts
an object, which explains why airplanes collect
ice when they pass through a liquid cloud made
up of supercooled droplets. This is also explains
why the stuff we call freezing rain or glaze falls

as a liquid but then turns to a sheet of ice when it
strikes the pavement or a tree branch.
In addition, supercooled droplets will freeze on
contact with solid particles that have a crystal form
closely resembling that of ice (silver iodide is an
example). These materials also are called freezing
nuclei. The need for freezing nuclei to initiate the
freezing process is similar to the requirement for
condensation nuclei in the process of condensation.
In contrast to condensation nuclei, however,
freezing nuclei are sparse in the atmosphere and
do not generally become active until the
temperature reaches -100C (140F) or below. Thus,
at temperatures between 0 and -100C, clouds
consist mainly of supercooled water droplets.
Between -10 and -200C, liquid droplets coexist
with ice crystal, and below -200C (-40F), clouds
generally composed entirely of ice crystal-for
example, high altitude cirrus clouds.
This brings us to a second important property of
water. The saturation vapor pressure above ice
crystal is somewhat lower than above supercooled
liquid droplets. This occurs because ice crystals
are solid, which mean that the individual water
molecules are held together more tightly than those
forming a liquid droplet. As a result, it is easier
for water molecules to escape from the supercooled
liquid droplets. Consequently, when air is saturated
(100 percent relative humidity) with respect to
liquid droplets, it is supersaturated with respect to
ice crystals.



PREP-SUPPLEMENT:                       CLIMATOLOGY

33

With this information in mind, we can now explain
how the Bergeron process produces precipitation.
Visualize a cloud at a temperature of -10°C (14°F),
where each ice crystal is surrounded by many
thousands of liquid droplets. Becausethe air was
initially saturated (100 percent) with respect to
liquid waterit will be supersaturated (over 100
percent) with respect to the newly formed
icecrystals. As a result of this supersaturated
condition, the ice crystals collect more water
molecules than they lose by sublimation. Thus,
continued evaporation from the liquid drops
provides a source of water vapor to feed the
growthof ice crystals.
FIGURE: The Bergeron process. Ice crystals grow
at the expense of cloud droplets until they are large
enough to fall. The size of these particles has been
greatly exaggerated.
Because the level of supersaturation with respect
to ice can be great, the growth of snow crystals is
generally sufficientlyrapid to generate crystals
large enough to fall. During their descent, these
crystals enlarge as they intercept cloud drops that
freeze on them. Air movement will sometimes

break up these delicate crystals, and the fragments
will serve asfreezing nuclei for other liquid
droplets. A chain reaction develops and produces
many snow crystals, which, by accretion, will form
into larger masses called snowflakes. Large
snowflakes may consist of 10 to 30 individual
crystals.
In summary, the Bergeron process can produce
precipitation throughout the year in the middle
latitudes, provided at leastthe upper portions of
clouds are cold enough to generate ice crystals.
The type of precipitation (snow, sleet, rain, or
freezing rain) that reaches the ground depends on
the temperature profile in the lower few kilometers
of the atmosphere. When the surface temperature
is above 40C (39°F), snowflakes usually melt
before they reach the ground and continue their
descent as rain. Even on a hot summer day a heavy
downpour may havebegun as a snowstorm high in
the clouds overhead.

Precipitation from Warm Clouds:
The Collision-Coalescence Process
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A few decades ago meteorologists believed that
the Bergeron process was responsible for the
formation of most precipitation except for light
drizzle. Later it was discovered that copious
rainfall is often associated with clouds located well
below the freezing level (called warm clouds),
especially in the tropics. Clearly, a second
mechanism also must trigger precipitation.
Researchers discovered the collision-coalescence
process Research has shown that clouds made
entirely of liquid droplets must contain some
droplets larger than 20 micrometers (0.02
millimeters) if precipitation is to form. The; large
droplets form when "giant" condensation nuclei
are present, or when hygroscopic particles exist
(such as sea salt). Because the rate at which drops
fall is size-dependent, these "giant" droplets fall
most rapidly.
As the larger droplets fall through cloud, they
collide with the smaller, slower droplets and
coalesce. Becoming larger in the process, they fall
even more rapidly (or, in an updraft they rise more
slowly) and increase their chances of collision and
rate of growth
Because of the huge number of collisions required
for growth to raindrop size, clouds that have great
vertical thickness and contain large cloud droplets
have the best chance of producing precipitation.
Updrafts also aid this process because they allow
the droplets to traverse the cloud repeatedly,
colliding with more droplets.
As raindrops grow in size, their fall velocity
increases. This in turn increases the frictional
resistance of the air, which causes thedrop's
"bottom" to flatten out. As the drop approaches 4
millimeters in diameter, it develops a depression
as shown in. Raindrops can grow to a maximum
of 5 millimeters when they fall at the rateof33
kilometers (20 miles) per hour. At this size and
speed, the water's surface tension, which holds the
drop together, is surpassed by the frictional drag
of the air. At this point the depression grows almost

explosively, forming a donutlike ring that
immediately breaks apart. The resulting breakup
of a large raindrop produces numerous smaller
drops that begin anew the task of sweeping up
cloud droplets.
The collision-coalescence process is not that
simple, however. First, as the larger droplets
descend, they produce an airstream around them
similar to that produced by an automobile when
driven rapidly down the highway. The air-stream
repels objects, especially small ones.
Next, collision does not guarantee coalescence.
Experimentation has indicated that the presence
of atmospheric electricity may be the key to what
holds these droplets together once they collide. If
adroplet with a negative charge should collide with
a positively charged droplet, their electrical
attraction may bind them together.
From the preceding discussion, it should be
apparent that the collision-coalescence mechanism
is most efficient in environments where large cloud
droplets are plentiful. It turns out that the air over
the tropics, particularly the tropical oceans, is
ideal. Here the air is very humid and relatively
clean, so fewer condensation nuclei existcompare
to the air over more populated regions. With fewer
condensation nuclei tocompete for available water
vapor (which is plentiful), condensation is fast-
paced and produces comparatively few large cloud
droplets. Within developing cumulus clouds, the
largest drops quickly gather smaller droplets to
generate the warm afternoon showers associated
with tropical climates.
In the middle latitudes the collision-coalescence
process may contribute to the precipitation from a
large cumulonimbuscloud by working in tandem
with the Bergeron process-particularly during the
hot, humid summer months. High in these towers
the Bergeron process generates snow that melts
as it passes below the freezing level. Melting
generates relatively large drops with fast fall
velocities. As these large drops descend, they
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overtake and coalesce with the slower and smaller
cloud droplets that comprise much of the lower
regions of the cloud. The result can be a heavy
downpour.
Forms of Precipitation
Because atmospheric conditions vary greatly both
geographically and seasonally, several different
forms of precipitation are possible. Rain and snow
are the mostcommon and familiar forms, but others
listed in the table below, important as well. The
occurrence of sleet, glaze, and hail often associated
with important weather events. Although limited
in occurrence and sporadic in both time and these
forms, especially glaze and hail, may on occasion
considerable damage.

Rain
In meteorology the term rain is restricted to drops
of water that fall from a cloud and have a diameter
of at least 0.5 millimeter. (This excludes drizzle
and mist, which have smaller droplets.) Most rain
originates in either nimbostratus clouds or in
towering cumulonimbus clouds that are capable
of producing unusually heavy rainfalls known as
cloudbursts. No matter what the rainfall intensity
is, the size of raindrops rarely exceeds about 5
millimeters. Larger drops cannot survive, because
surface tension, which holds the drops together, is
exceeded by the frictional drag of the air.
Consequently, large raindrops regularly break
apart into smaller ones.

Types of Precipitation
Type Approximate size State of water Description
Mist 0.005 to 0.05 mm Liquid Droplets large enough to be felt

on the face when air is moving 1
meter/second. Associatedwith
stratus clouds.

Drizzle Less than 0.5 mm Liquid Small uniform drops that fall from
stratus clouds, generally for
several hours.

Rain 0.5 to 5 mm Liquid Generally produced by
nimbostratus or cumulonimbus
clouds. When heavy, size can be
highly variable from one place to
another.

Sleet 0.5 to 5 mm Solid Small, spherical to lumpy ice
particles that form when raindrops
freeze while falling through a layer
of subfreezing air. Because the ice
particles are small, any damage is
generally minor. Sleet can make
travel hazardous.

Glaze Layers 1 mm to 2 cm thick Solid Produced when supercooled
raindrops freeze on contact with
solid objects.Glaze can form a
thick coating of ice having
sufficient weight to seriously
damage trees and power lines.

Rime Variable accumulations Solid Deposits usually consisting of ice
feathers that point into the wind.
These delicate frostlike
accumulations form as supercooled
cloud or fog droplets encounter
objects and freeze on contact.

Snow 1 mm to 2 cm Solid The crystalline nature of snow
allows it to assume many shapes,
including six sided crystals, plates,
and needles. Produced in
supercooled clouds where water
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vapor is deposited as ice crystals
that remain frozen during their
descent.

Hail 5 mm to 10 cm or larger Solid Precipitation in the form of hard,
rounded pellets or irregular lumps
of ice. Produced in large
convective, cumulonimbus clouds,
where frozen ice particles and
supercooled water coexist.

Graupel 2 mm to 5 mm Solid Sometimes called "soft hail,"
graupel forms as rime collects on
snow crystals to produce irregular
masses of "soft" ice. Because these
particles are softer than hailstones,
they normally flatten out upon
impact.

Much of the world's rainfall begins as snow
crystals or other solid forms such as hail or graupel.
Entering the warmer air below the cloud, these
ice particles often melt and reach the ground as
raindrops. In some parts of the world, particularly
the subtropics, precipitation often forms in clouds
that are warmer than 0°C (32°F). These rains
frequently occur over the ocean where cloud
condensation nuclei are not plentiful and those that
do exist vary in size. Under such conditions, cloud
droplets can grow rapidly by the collision-
coalescence process to produce copious amounts
of rain.
Fine, uniform drops of water having a diameter
less than 3.5 millimeter are called drizzle. Drizzle
and small raindrops generally are produced in
stratus or nimbostratus clouds where precipitation
may be continuous for several hours, or on rare
occasions for days.
Precipitation containing the very smallest droplets
able to reach the ground is called mist. Mist can
be so fine that the tiny droplets appear to float and
their impact is almost imperceptible.

As rain enters the unsaturated air below the cloud,
it begins to evaporate. Depending on the humidity
of the air and size of the drops, the rain may
completely evaporate before reaching the ground.
This phenomenon produces virga, which appear
as streaks of precipitation falling from a cloud that
extend only part of the way to Earth's surface
(Figure 5-17).
Snow
Snow is precipitation in the form of ice crystals
(snowflakes) or, more often, aggregates of ice
crystals. The size, shape, and concentration of
snowflakes depend to a great extent on the
temperature at which they form.
At very low temperatures, the moisture content of
air is small. The result is the generation of very
light and fluffy snow made up of individual six-
sided ice crystals. By contrast, at temperatures
warmer than about -5°C (23°F), the ice crystals
join together into larger clumps consisting of
tangled aggregates of crystals. Snowfalls
consisting of these composite snowflakes are
generally heavy and have a high moisture content,
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which makes them ideal for making snowballs.
Sleet and Glaze
Sleet is a wintertime phenomenon and refers to
the fall of small particles of ice that are clear to
translucent. An above-freezing air layer must
overlie a subfreezing layer near the ground. When
the raindrops, which are often melted snow, leave
the warmer air and encounter the colder air below,
they freeze and reach the ground as small pellets
of ice roughly the size of the raindrops from which
they formed.
On some occasions, when the vertical distribution
of temperatures is similar to that associated with
the formation of sleet, freezing rain or glaze results
instead. In such situations the subfreezing air near
the ground is not thick enough to allow the
raindrops to freeze. The raindrops, however, do
becomesupercooled as they fall through the cold
air and turn to ice. The result can be a thick coating
of ice having sufficient weight to break tree limbs,
to down power lines, and to make walking and
driving extremely hazardous.
Hail
Hail is precipitation in the form of hard, rounded
pellets or irregular lumps of ice. Large hailstones,
when cut in half, often reveal nearly concentric
shells of differing densities and degrees of
opaqueness. The layers of ice accumulate as the
hailstone travels up and down in a strong
convective cloud.
The destructive effects of large hailstones are well
known, especially to farmers whose crops have
been devastated in a few minutes and to people
whose windows, roofs, and cars have been
damaged.

Hail is produced only in large cumulonimbus
clouds where updrafts can sometimes reach speeds
approaching 160 kilometers (100 miles) per hour,
and where there is an abundant supply of
supercooled water. Hailstones begin as small
embryonic ice pellets that grow bythey encounter
a strong updraft, they may be carried upward again
and begin the downward journey anew. Each trip
through the supercooled portion of the cloud might
be represented by an additional layer of ice.
Hailstones can also form from a single descent
through an updraft. Either way, the process
continues until the hailstone encounters a
downdraft or grows too heavy to remain suspended
by the thunderstorm's updraft.
Hailstones may contain several layers that
alternate between clear and milky ice. High in the
clouds, rapid freezing of small, supercooled water
droplets traps air bubbles, which cause the milky
appearance. By contrast, the clear ice is produced
in the lower and warmer regions of the clouds
where colliding droplets wet the surface of the
hailstones. As these droplets slowly freeze, they
produce relatively bubble-free clear ice.
Rime
Rime is a deposit of ice crystals formed by the
freezing of supercooled fog or cloud droplets on
objects whose surface temperature is below
freezing. When rime forms on trees, adorns them
with its characteristic ice feathers, which can be
spectacular to behold. In these situations, object
such as pine needles act as freezing nuclei, causing
the supercooled droplets to freeze on contact. On
occasions when the wind is blowing, only the
windward surfaces of object will accumulate the
layer of rime.
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Global Distribution of Precipitation
There exists a complex pattern for the distribution
of precipitation. In general, regions influenced by
high pressure, is associated with subsidence and
divergent winds, experiencing dry conditions.
Conversely, regions under the influence of low
pressure and its converging winds and ascending
air receive ample precipitation.
The inherent nature of the air is also important in
determining precipitation potential. Because cold
air has a low capacity for moisture compared with
warm air, we wouldexpect a latitudinal variation
in precipitation, with low latitudes receiving the
greatest amounts of precipitation and highlatitudes
receiving the least.
In addition to Latitudinal variation in precipitation,
the distribution of land and water complicates the
precipitation pattern. Large landmasses in the
middle latitudes commonly experience decreased
precipitation toward their interiors. For example,
central North America and central Eurasia receive
considerably less precipitation than do coastal
regions at the same latitude. Furthermore, the
effects of mountain barriers
Windward mountain slopes receives abundant
precipitation, whereas leeward slopes and adjacent
lowlands are usually deficient in moisture.
Zonal Distribution of Precipitation.
The equatorial regime is centered over the
equatorial low throughout most of the year. In this
region, where the trade winds converge (ITCZ),
heavy precipitation is experienced in all seasons.
Poleward of the equatorial low in each hemisphere
lie the belts of subtropical high pressure. In these
regions, subsidence contributes to the dry
conditions found there throughout the year.
Between the wet equatorial regime and the dry
subtropical regime lies a zone that is influenced
by both pressure systems. Because the pressure
systems mi-grate seasonally with the Sun, these
transitional regions receive most of
theirprecipitation in the summer when they are
under the influence of the ITCZ. They experience
a dry season in the winter when the subtropical
high moves equatorward.
The mid-latitudes receive most of their
precipitation from traveling cyclonic storms. This
region is the site of the polar front, the convergent
zone between cold polar air and the warmer
westerlies. It is along the polar front thatcyclones
are frequently generated. Because the position of
the polar front migrates freely between
approximately 30° and 70° latitude, most
midlatitude areas receive ample precipitation. But
the mean position of this zone also moves north

and south with the Sun, so that a narrow belt
between 30° and 40° latitude experiencesa marked
seasonal fluctuation in precipitation.
In winter, this zone receives precipitation from
numerous cyclones as the position of the polar front
moves equatorward. During' the summer, however,
this region is dominated by subsidence associated
with the dry subtropical high.
The Polar Regions are dominated by coldair that
holds little moisture. Throughout the year, these
regions experience only meager precipitation. Even
in the summer, when temperatures rise, these areas
of ice and snow are dominated by high pressure
that blocks the movement of the few cyclones that
do travel poleward.
Distribution of Precipitation over the
Continents
The most notable anomaly in the zonal distribution
of precipitation occurs in the subtropics. Here we
find not only many of the world's great deserts but
also regions of abundant rainfall. This pattern
results because the subtropical high-pressure
centers that dominate the circulation in these
latitudes have different characteristics on their
eastern and western flanks .Subsidence is most
pronounced on the eastern side of these oceanic
highs, and a strong temperature inversion is
encountered very near the surface and results in
stable atmospheric conditions. The upwelling of
cold water along the west coasts of the adjacent
continents cools the air from below and adds to
the stability on the eastern sides of these highs.
Because these anticyclones tend to crowd the
eastern side of an ocean, particularly in the winter,
we find that the western sides of the continents
adjacent to these subtropical highs are arid
.Centered at approximately 25° north or south
latitude on the western side of their respective
continents, we find the Sahara Desert of North
Africa, the Namib of southwest Africa, the
Atacama of South America, the deserts of the Baja
Peninsula of North America, and the Great Desert
of Australia.
On the western side of these highs, however,
subsidence is less pronounced, and convergence
with associated rising air appears to be more
prevalent. In addition, as this air travels over a
large expanse of warm water, it acquires moisture
through evaporation that acts to enhance its
instability. Consequently, the eastern regions of
subtropical continents generally receive ample
precipitation throughout the year. Southern Florida
is a good example.
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4. AIR MASSES
Air Masses

 Introduction

 Definition

 Source regions

 Modification of an Air Mass

 Classification of Air Masses

 Characteristics of different Air Masses

 Previous year questions

Why to study Air Masses?

 Important and inseparable part of planetary
wind system.

 Important for the better understanding of
various atmospheric disturbances.

 Play an important role in removing the
latitudinal imbalances in heat.

 Responsible for bringing about changes in the
day to day weather.

 Play a dominant role in producing different
types of climate.

What Is an Air Mass?
An Air Mass,is an immense body of air, usually
1600 kilometers (1000 miles) or more across and
perhaps several kilometers thick, which is
characterized by homogeneous physical properties
(in particular, temperature and moisture content)
at any given altitude. When this air moves out of
its region of origin it will carry these temperature
and moisture conditions elsewhere, eventually
affecting a large portion of a continent. In this
process, they not only modify the weather of the
area the they occupy but they are also modify to a
certain extent by the surface over which they are
moving.
The horizontal uniformity of an air mass is not
complete because it may extend through 20 degrees
or more of latitude and cover hundreds of
thousands to millions of square kilo-meters.
Consequently, small differences in temperature and
humidity from one point to another at the same
level are to be expected. Still, the differences
observed within an air mass are small in
comparison to the rapid rates of change
experienced across air-mass boundaries.
Because it may take several days for an air mass
to traverse an area, the region under its influence
will probably experience generally constant
weather conditions, a situation called air-mass
weather. Certainly, some day-to-day variations

may exist, but the events will be very unlike those
in an adjacent air mass.
Many significant middle-latitude disturbances
originate along the boundary zones that separate
different air masses.
Sources Region

  Where do air masses form?

  What factors determine the nature and degree
of uniformity of an air mass?
These two basic questions are closely related,
because the site where an air mass forms vitally
affects the properties that characterize it.
Areas in which air masses originate are called
source regions. Because the atmosphere is heated
chiefly from below and gains its moisture by
evaporation from Earth's surface, the nature of the
source region largely determines the initial
characteristics of an air mass.
 An ideal source region must meet two essential
criteria. First, it must be an extensive and
physically uniform area. A region having highly
irregular topography or one that has a surface
consisting of both water and land is not
satisfactory.
The Second criterion is that the area be
characterized by a general stagnation of
atmospheric circulation so that air will stay over
the region long enough to come to some measure
of equilibrium with the surface. In general, it means
regions dominated by stationary or slow-moving
anticyclones with their extensive areas of calms
or light winds.
Regions under the influence of cyclones are not
likely to produce air masses because such systems
are characterized by converging surface winds.
The winds in lows are constantly bringing air with
unlike temperature and humidity properties into
the area. Because the time involved is not long
enough to eliminate these differences, steep
temperature gradients result, and air-mass
formation cannot take place.
Modification of an Air Mass
After an air mass forms, it normally migrates from
the where it acquired its distinctive properties to a
region different surface characteristics. Once the
air mass moves from its source region, it not only
modifies the weather conditions of the area it is
traversing, but it is also gradually modified by
surface over which it is moving. Warming or
cooling from below, the addition or loss of
moisture, and Vertical movements all act to bring
changes in an air mass. The amount of modification
can be relatively small, or can be profound enough
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to alter completely the original identity of the air
mass.
There are two principal types of air masses
modification: Thermodynamic modifications
and Mechanical modifications.
Modifications resulting from the temperature
difference between an air mass and surface below,
or evaporation of water into the air mass from
below or into the intermediate layers by
precipitation from the overlying layers of the air,
condensation or precipitation by extracting
moisture from the air mass or addition or loss of
latent heat of condensation accompanying the
condensation and precipitation etc. are included
in the thermodynamic modifications. An air mass
which is cooler than the ground surface is bound
to be heated from below. This factor leads to
instability creating chances for precipitation and
condensation. For example, when cA and cP air
moves over the ocean in winter, in a matter of days,
cold, dry, and stable continental air is transformed
into an unstable mP air mass. On the other hand,
an air mass moving over a colder surface is cooled
from below. A surface inversion that creates
stability of the air mass often develops. These
conditions opposes the cloud formation and
precipitation. Any clouds that do form will be of
the stratus variety with a light to moderate
precipitation.
Capital letters W and K standing for warm and
cold represent such modifications of the initial
properties of an air mass. W represents warmer
air mass cooled from below and K means air mass
heated from below. These letters W and K gives
an indication of the stability of an air mass and
hence, the weather that might be expected.
In addition to thermodynamic modifications,
upward and downward movements induced by
cyclones and anticyclones or topography can also
affect the stability of an air mass. Such
modifications are often called mechanical or
dynamic and are usually independent of the
changes caused by surface cooling or heating. For
example, significant modification can result when
an air mass is drawn into a low pressure area. Here
convergence and lifting dominate and the air mass
is rendered more unstable. Conversely, the
subsidence associated with anticyclones acts to
stabilize an air mass. Similar alterations in stability
occur when an air mass is lifted over highlands or
descends the leeward side of a mountain barrier.
In the first case, the air's stability is reduced; in
the second case, the air becomes more stable
Classification of Air Masses
The classification of an air mass depends on the

latitude of the source region and the nature, of the
surface in the area of origin-ocean or continent.
The latitude of the source region indicates the
temperature conditions within the air mass, and
the nature of the surface below strongly influences
the moisture content of the air.
Pettersen has classified air masses into the
following five major categories on the basis of their
of their source regions:
1. Tropical air masses
2. Polar air masses
3. Equatorial air masses
4. Arctic air masses
5. Antarctic air masses
But according to Byers, there are only three major
categories of air masses i.e. arctic, polar, and
tropical air masses.

Trewartha, on the basis of geographical location
of air masses classifies them into the following
two broad categories: polar (P) and tropical (T).
He further subdivides the two air masses into two
types on the basis of the nature of the surface of
their source regions i.e. land and water - the
lowercase letter m (for maritime) and the
lowercase letter c (for continental). Because
maritime air masses over oceans, they have a
relatively high water-vapor co compared to
continental air masses that originate over masses.
When this classification scheme is applied, the
following air masses can be identified:
cA  continenta arctic
cP continental polar
cT continental tropical
mT maritime tropical
mP maritime polar
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Besides the above classification when various
thermodynamic and mechanical modifications of
air masses are taken into consideration a more
elaborate classification consisting of the following
sixteen types is obtained:
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Polar-Front Theory (Norwegian Cyclone
Model)
Mid-latitude cyclones are low-pressure systems
with diameters often exceeding 1000 kilometers
(600 miles) that travel from west to east across
the planet. Lasting from a few days to more than a
week, these weather systems have a
counterclockwise circulation pattern with a flow
inward toward their centers. Most mid-latitude
cyclones have a cold front and a warm front
extending from the central area of low pressure.
Surface convergence and upward flow initiate
cloud development that frequently produces
precipitation.
As early as the 1800s, it was known that cyclones
were the bearers of precipitation and severe
weather. Thus, the barometer was established as
the main tool in "forecasting" day-today weather
changes. However, this early method of weather
prediction largely ignored the role of air-mass

interactions in the formation of these weather
systems. Consequently, it was not possible to
determine the conditions under which cyclone
development was favorable.
The first encompassing model to consider the
development and intensification of a mid-latitude
cyclone was constructed by a group of Norwegian
scientists during World War I. Included in this

group were Vilhelm Bjerknes (pronounced Bee-
YURK-ness), his son Jacob Bjerknes, Jacob's
fellow student Halvor Solberg and Swedish
meteorologist Tor Bergeron. In 1921 the work of
these scientists resulted in a publication outlining
a compelling model of how mid-latitude cyclones
progress through stages of birth, growth, and
decay. These insights, which marked a turning
point in atmospheric science, became known as
the polar-front theory-also referred to as the
Norwegian cyclone model.
These simplified weather maps depicted above
show the positions of an enormous cyclonic storm
on March 13 and 14, 1993. After the storm formed
in the Gulf of Mexico, it moved northeastward,
spawning tornadoes in Florida and dumping huge
quantities of snow from Alabama to Canada's
Maritime Provinces. The closely spaced isobars
depict the steep pressure gradient that generated
hurricane-force winds in many places. The strong

winds caused extreme drifting of snow and created
storm waves in the Atlantic that pounded the coast,
causing much beach erosion and damage to
shoreline homes. The colored areas indicate
regions where precipitation occurred.
In the Norwegian cyclone model, middle-latitude
cyclones develop in conjunction with the polar
front. Polar front separates cold polar air from
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warm subtropical air. During cool months the polar
front is generallywell defined and forms a nearly
continuous band around Earth that can be
recognized on upper-air charts. At the surface, this
frontal zone is often broken into distinct segments.
These frontal segments are separated by regions
of more gradual temperature change.
What is an extra-tropical cyclone?
Extratropical means "outside the tropics," so this
is just another name for a mid-latitude cyclone.
The term cyclone refers to the circulation around
any low-pressure center, regardless of its size or
intensity. Hence, hurricanes and mid-latitude
cyclones are two types of cyclones. Whereas
"extratropical cyclone" is another name for a mid-
latitude cyclone, the name "tropical cyclone" is
often used to describe a hurricane.
It is along frontal zones where cold, equatorward-
moving air collides with warm, poleward-moving
air that most middle-latitude cyclones form.
Because mid-latitude cyclones develop in
conjunction with fronts, we will first consider the
nature of fronts and the weather associated with
their movement and then apply what we learn to
the model of cyclone development.
Fronts
Fronts are boundary surfaces that separate air
masses of different densities. One air mass is
usually warmer and often contains more moisture
than the other. However, fronts canform between
any two contrasting air masses. When the vast of

air masses are considered, these 15- to 200-
kilometer (9- to 120-mile-) wide bands of
discontinuity are relativelyarrow. On the scale of
a weather map, they are normally thin enough to
represent as a broad line.
Above the ground the frontal surface slopes at a
low angle so that warmer air overlies cooler air,
as shown in the figure bellow. In the ideal case the
air masses on both sides of the front would be in
the same direction and at the same speed. Under
this condition the front would act simply as a
barrier that travels along with the air masses.
Generally, however, the distribution ,ofpressure
across a front is such that one air mass moves faster
relative to the frontal boundary than does the other.
Thus, one air mass actively advances into another
and "clashes" with it. The Norwegian
meteorologists visualized these zones of air-mass
interactions as analogous to battle lines and tagged
them "fronts," like battlefronts. It is along these
zones of conflict that mid-latitude cyclones develop
and produce much ofthe precipitation and severe
weather in the belt of the westerlies.
As one air mass moves into another, limited mixing
occurs along the frontal surface, but for the most
part, the air masses retain their identity as one is
displaced upward over the other.
No matter which air mass is advancing, it is always
the warmer, less dense air that is forced aloft,
whereas the cooler, denser air acts as a wedge on
which lifting takes place. The term overrunning is
generally applied to warm air gliding up along a
cold air mass. We now shall look at five types of
fronts-warm, cold, stationary, occluded, and
drylines.
Warm Fronts
When the surface (ground) position of a front
moves so that warm air occupies territory formerly
covered by cooler air, it is called a warm front (as
shown in the figure below). On a weather map,
the surface position of a warm front is shown by a
red line with red semicircles protruding into the
cooler air. East of the Rockies, maritime tropical
(mT) air often enters the United States from the
Gulf of Mexico and overruns receding cool air.
As the colder air retreats, frictionwith the ground
greatly slows the advance of the surface position
of the front compared to its position aloft. Stated
another way, less dense, warmair has a hard time
displacing heavier, cold air. Consequently, the
boundary separating these air masses acquires a
very gradualslope. The slope of a warm front
(height compared tohorizontal distance) average
only about 1:200. This means that if you traveled
200 kilometers (120 miles) ahead of the surface
location of a warm front, the frontal surface would
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be only 1 kilometer (0.6 miles) overhead.

(a) Idealized clouds and weather associated with
a warm front. During most of the year, warm fronts
produce light-to-moderate precipitation over a
wide area, (b) during the warm season, when
conditionally unstable air is forced aloft,
cumulonimbus clouds and thunderstorms often
arise.
As warm air ascends the retreating wedge of cold
air, it expands and cools adiabatically, causing
moisture in the ascending air to condense into
clouds that often produce precipitation. The first
sign of the approaching warm front is cirrus clouds.
These high clouds form where the overrunning
warm air has ascended high up the wedge of cold
air, 1000 kilometers (600 miles) or more ahead of
the surface front. Another indication of an
approaching warm front is provided by aircraft
contrails. On a clear day, when these condensation
trails persist for several hours, you can be fairly
certain that comparatively warm, moist air is
ascending overhead.
As the front nears, cirrus clouds grade into
cirrostratus that gradually blend into denser sheets
of altostratus. About 300 kilometers (180 miles)
ahead of the front, thicker stratus and nimbostratus
clouds appear and precipitation commences.
Because of their slow rate of advance and very
gentle slope, lifting associated with warm fronts
has a large horizontal component. As a result,
warm fronts tend to produce light-to-moderate
precipitation over a wide area for an extended
period. But this is not always the case.If, for

example, the overriding air mass is relatively dry
(lowdew-point temperatures), there will be
minimal cloud development, and no precipitation.
By contrast, during the hotsummer months, very
moist air is commonly associated withan
approaching warm front. If this conditionally
unstable airis lifted sufficiently it will freely rise
on its own, producingtowering cumulonimbus
clouds and thunderstorms.
As you can see from the above figure, the
precipitation associated with a warm front occurs
ahead of the surface position of the front. Some of
the rain that falls through the cool air below the
clouds evaporates. As a result, the air directly
beneath the cloud base often becomes saturated
and a stratus cloud deck develops. These clouds
occasionally grow rapidly downward, which can
cause problems for pilots of small aircraft that
require visual landings. One minute pilots may
have adequate visibility and the next be in a cloud
mass (frontal fog) that hasthe landing strip "socked
in." Occasionally during thewinter, a relatively
warm air mass is forced over a body of subfreezing
air. When this occurs, it can create hazardous
driving conditions. Raindrops become super cooled
as they fall through the subfreezing air. Upon
collidingwith the road surface they flash-freeze to
produce the icy layer calledglaze.
When a warm front passes, temperatures gradually
rise. As you would expect, the increase is most
apparent when a large contrast exists between
adjacent air masses. Moreover, a wind shift from
the east to the southwest is generally noticeable.
The moisture content and stability of the
encroaching warm air mass largely determine the
time period required for clear skies to return.
During the summer, cumulus and occasionally
cumulonimbus clouds are embedded in the warm
unstable air mass that follows the front. These
clouds may produce precipitation, which ran be
heavy but is usually scattered and of short duration.
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Element Before WarmFront During Passage of After WarmFront
Passes Warm Front Passes

Pressure Usually falling Reaches minimum and slight rise
then remains steady

Temperature Cool to cold warms steadily Becomes slowly warmer
Wind Generally from south Direction varies. Speed Direction usually shifts

to southeast increase as front passes  to south to southwest
Clouds High level clouds, Usually overcast Decrease in coverage amount

(Ci then Cs), begin conditions with May have scattered stratocumulus
increasing, predominantly stratus and type and occasionally
ollowed by Altostratus,  nimbostratus type clouds cumulonimbus type in summer
then Nimbostratus and months
stratus with occasional
cumulonimbus clouds near
front in summer. Fog
 often occurs near
and ahead of front.

Precipitation Light to moderate rain, Possibly light drizzle or Usually none or light showers
snow, sleet or drizzle no precipitation

Visibility Poor to near zero in fog Poor but slowly Fair, may lower in hazy areas.
and precipitation improving as front passes

Dew Point Steadily rises as Remains steady Rises in warm, moist air behind
precipitation evaporates front and then remains steady
into cool air
ahead of front

Cold Fronts
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When cold, continental polar air; advances into a
region occupied by warmer air, the zone of
discontinuity is called a cold front. As with warm
fronts, friction slows the surface position of a cold
front compared to its position aloft. Thus, the cold
front steepens as it moves. On the average, cold
fronts are about twice as steep as warm fronts,
having a slope of perhaps 1:100. In addition, cold
fronts advance at speeds around 35 to 50
kilometers (20 to 35 miles) per hour compared to
25 to 35 kilometers (15 to 20 miles) per hour for
warm fronts. These two differences, steepness of
slope and rate of movement, largely account for
the more violent nature of cold-front weather,
compared to the weather generally accompanying
a warm front. The arrival of a cold front is
sometimes preceded by altocumulus clouds. As the
front approaches, generally from the west or
northwest, towering clouds can often be seen in
the distance. Near the front, a dark band of
ominous clouds foretells the ensuing weather. The
forceful lifting of warm, moist air along a cold
front is often so rapid that the released latent heat
increases the air's buoyancy. The heavy downpours
and vigorous wind gusts associated with mature
cumulonimbus clouds frequently result. Because
a cold front produces roughly the same amount of
lifting as a warm front, but over a shorter distance,
the precipitation intensity is greater but of shorter
duration.

In addition,a marked temperature drop and wind
shift from the southwest to the northwest usually
accompaniesthe frontal passage. The sharp
temperature contrast andsometimes violent
weather along cold fronts are symbolized on a
weather map by a blue line with blue triangular
points extending into the warm air mass.
Most often the weather behind a cold front is
dominated by subsiding air within a continental
polar air mass. Thus, the drop in temperature is
accompanied by clearing that begins soon after
the front passes. Although subsidence causes
adiabatic heating aloft, the effect on surface
temperatures is minor. In winter the long, cloudless
nights that often follow the passage of a cold front
allow for abundant radiation cooling that reduces
surface temperatures.
When a cold front moves over a relatively warm
surface, radiation emitted from Earth can heat the
lower atmosphere enough to produce shallow
convection. This in turn may generate low cumulus
or stratocumulus clouds behind the front. However,
subsidence aloft renders these air masses quite
stable. Any clouds that form will not develop great
vertical thickness and will seldom produce
precipitation. One exception is lake-effect snow
where the cold air behind the front acquires both
heat and moisture when it traverses a
comparatively warm body of water.

Element               Before Cold Front            During Passage of After Cold Front
Passes Cold Front Passes

Pressure Falling; either steady or Reaches minimum and Continues to rise
unsteady and then begins rising

Temperature Relatively warm Drops quickly Drops steadily
Wind Generally from south Increase in speed, often Direction usually shifts

to southeast gusty. Direction begins  to west to northwesterly
shifting

Clouds High level clouds, Overcast, or nearly so, Decrease in coverage amount
(Ci then Cs), begin with Cumulus and Fair weather Cu may develop
increasing, Cumulonimbus present behind front
Bases lower as mid level
and low level clouds
begin developing. May
have convective types
(Cu and CB) develop
 ahead of front

Precipitation May have scattered Maximum precipitation, Usually none or light showers
showers associated with usually of a showery
few Cu and Cb. nature, either rain or snow,
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with lightning, thunder  Precipitation ends
and hail if Cb’s are present

Visibility Fair to poor in haze Drops quickly to very poor  Quickly improves as
in showers  precipitation ends

Dew Point Relatively high Drops quickly as dryer air  Drops steadily
to southeast behind front moves in

Stationary Fronts
Occasionally, the airflow on both sides of a front
is neither toward the cold air mass nor toward the
warm air mass, but almost parallel to the line of
the front. Consequently, the surface position of the
front does not move, or moves very slowly. This
condition is called a stationary front. On weather
map, stationary fronts are shown with blue

triangular points on one side of the line and red
semicircles on the other. Because overrunning
usually occurs along stationary fronts, gentle to
moderate precipitation is likely. Stationary fronts
may remain over an area for several days, in which
case flooding is possible.
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Occluded Fronts
The fourth type of front is the occluded front. Here
a rapidly moving cold front overtakes a warm front,
as shown. As the cold air wedges the warm front
upward a new front forms between the advancing
cold air and the air over which the warm front is
gliding. The weather of an occluded front is
generally complex. Most precipitation is
associated with the warm air being forced aloft.
When conditions are suitable, however, the newly
formed front is capable of initiating precipitation
of its own.
As you might expect, there are cold-type occluded
fronts and warm-type occluded fronts. In the
occluded front shown in below figure, the air
behind the cold front is colder than the cool air it
is overtaking. This is the most common type of
occluded front east of the Rockies and is called a
cold-type occluded front.
It is also possible for the air behind the advancing
cold front to be warmer than the cold air it is
overtaking. Thesewarm-type occluded fronts
frequently occur along the Pacific Coast, where
milder maritime polar air invades more frigid polar
air that had its origin over the continent.

Note that in the warm-type occluded front, the
warm air aloft (and hence the precipitation) often
precedes the arrival of the surface front. This
situation is reversed for the cold-type occluded
front, where the front aloft (and its associated
precipitation) lags behind the surface front. Also
note that cold-type occluded fronts frequently
resemble cold fronts in the type of weather

generated.
Because of the complex nature of occluded fronts,
they are often drawn on weather maps as either
warm or cold fronts, depending on what kind of
air is the aggressor. In those cases when they are
drawn as an occluded front, a purple line with
alternating purple triangles and semicircles
pointing in the direction of movement is employed.
Drylines
Classifying fronts based only on the temperature
differences across the frontal boundary can be
misleading. Humidity also influences the density
of air, with humid air being less dense than dry
air, all other factors being equal. The front that
develops is usually labeled a cold front, even
though the advancing air may not be any colder
than the air it displaces. Simply, the drier air is
denser and forcefully lifts the moist air in its path,
just like a cold front. The passage of this type of
frontal boundary is noticed as a sharp drop in
humidity, without an appreciable drop in
temperature.
A related type of boundary, called a dryline,
develops over the southern Great Plains. This
occurs when dry, continental tropical (cT) air
originating over the American Southwest meets
moist, maritime tropical (mT) air from the Gulf of
Mexico. Basically a spring and summer
phenomenon, drylines most often generate a band
of severe thunderstorms along a line extending
from Texas to Nebraska that moves eastward
across the Great Plains. A dryline is easily
identified by comparing the dew point temperatures
of the cT air west of the boundary with the dew
points of the mT air mass to the east.
In summary, because cold fronts are the aggressor,
the lifting along a cold front tends to be more
concentrated and forceful than along a warm front.
Hence, the precipitation associated with a cold
front usually occurs in a narrower zone and is more
intense than that associated with a warm front.
Life Cycle of a Mid-Latitude Cyclone
The polar-front theory, which describes the
developmentand intensification of a mid-latitude
cyclone, was created primarily from near-surface
observations. As more data because available from
the middle and upper troposphere, some
modifications were necessary. Yet this model is
still a useful working tool for interpreting the
weather. It helps us to visualize our dynamic
atmosphere as it generates our day-to-day weather.
Formation: The Clash of Two Air Masses
According to the Norwegian model, cyclones form
aloft fronts and proceed through a generally
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predictable life cycle. This cycle can last a few
days to over a week, depending on whether
atmospheric conditions are favorable. Following
figureshowssixstagesin the life of a typical mid-
latitude cyclone. In part (thestage is set for
cyclogenesis (cyclone formation). Here two air
masses of different densities (temperature) are
moving roughly parallel to the front, but in opposite
directions. (In the classic polar-front model, this
would continental polar air associated with the
polar easterlies the north side of the front and
maritime tropical air driven by the westerlies on
the south side of the front.)
Under suitable conditions the frontal surface that
separates these two contrasting air masses will take
on a wave shape that is usually several hundred
kilometers long. These waves are analogous to the
wave produced on water by moving air, except
that they are much larger. Some waves tend to
dampen, or die out, whereas others grow in
amplitude. Those storms that intensify or "deepen"
develop waves that change in shape over time,
much like a gentle ocean swell does as it moves
into shallow water becomes a tall, breaking wave.

Development of Cyclonic Flow
As the wave develops, warm air advances
poleward invading the area formerly occupied by
colder air, while cold air m equatorward. This
change in the direction of the surface is
accompanied by a readjustment in the pressure
pattern that results in nearly circular isobars, with
the low pressure centered at the crest of the wave.
The resulting flow is a counterclockwise cyclonic
circulation that can be seen clearly on the weather
map shown in Figure 9-11. Once the cyclonic
circulation develops, we would expect general
convergence to result in lifting, especially where
warmair is overrunning colder air. You can seein
Figure 9-11 that the air in the warm sector (over
the southern states) is flowing northeastward
toward colder air that is moving toward the
northwest. Because the warm air is moving in a
direction perpendicular to this front, we can
conclude that the warm air is invading a region
formerly occupied by cold air. Therefore, this must
be a warm front. Similar reasoning indicates that
to the left (west) of the cyclonic disturbance, cold
air from the northwest is displacing the air of the
warm sector and generating a cold front.
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Above figure shows a simplified weather map
showing the circulation of middle-latitude cyclone.
The colored areas indicate regions of probable
precipitation.
Occlusion: The Beginning of the End
Usually, the position of the cold front advances
faster than the warm front and begins to close (lift)
the warm front, as shown in. This process, known
as occlusion, forms an occluded front, which grows
in length as it displaces the warm sector aloft. As
occlusion begins, the storm often intensifies.
Pressure at the storm's center falls, and wind speeds
increase. In the winter, heavy snowfalls and
blizzardlike conditions are possible during this
phase of the storm's evolution.
As more of the sloping discontinuity (front) is
forced aloft, the pressure gradient weakens. In a
day or two the entire warm sector is displaced,
and cold air surrounds the cyclone at low levels.
Thus, the horizontal temperature (density)
difference that existed between the two contracting
air masses has been eliminated. At this point the
cyclone has exhausted its source of energy. Friction
slows the surface flow, and the once highly
organized counterclockwise flow ceases to exist.
A simple analogy may help you visualize what is
happening to the cold and warm air masses in the
preceding discussion.
Imagine a large water trough that has a vertical
divider set rating the tank into two equal parts.
Half of the tank is filled with hot water containing
red dye, and the other half is filled with blue-
colored ice water. Now imagine what happens

when the divider is removed. The cold, dense water
will flow under the less dense warm water,
displacing it upward. This rush of water will come
to a halt as soon as all of the warm water displaced
toward the top of the container. In a similar manner
a middle-latitude cyclone dies once all of the warm
air is displaced aloft and the horizontal
discontinuity between the air masses no longer
exists.
Idealized Weatherof a Mid-Latitude Cyclone
As stated earlier, the Norwegian model is a useful
tool for examining weather patterns of the middle
latitudes.
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Cloud patterns typically associated with a mature
middle-latitude cyclone. The middle section is a
map view. Note the cross-section lines (F-G, A-
E). Above the map is a vertical cross section along
line F-G. Below the map is a cross-section along
A-E.
Guided by the westerlies aloft, cyclones generally
move eastward. Therefore, we can expect the first
signs of a cyclone's arrival to appear in the western
sky. In the region of the Mississippi Valley,
however, cyclones often begin a more northeasterly
trajectory and occasionally move directly
northward. Typically, a mid-latitude cyclone
requires two to four days to pass completely over
a region. During that period, abrupt changes in
atmospheric conditions may occur, particularly in
the winter and spring when the greatest
temperature contrasts occur across the middle
latitudes.
First, imagine the change in weather as you move
from right to left along profile A-E. At point A the
sighting of high cirrus clouds is the first sign of
the approaching cyclone. These high clouds can
precede the surface front by 1000 kilometers (600
miles) or more, and they are normally accompanied
by falling pressure. As the warm front advances,
a lowering and thickening of the cloud deck is
noticed. Within 12 to 24 hours after the first
sighting of cirrus clouds, light precipitation usually
commences (point B). As thefront nears, the rate
of precipitation increases, a risein temperature is
noticed, and winds begin to change from an
easterly to a southerly flow.
With the passage of the warm front, the area is
under the influence of the maritime tropical air
mass of the warm sector (point-C). Generally, the
region affected by this part of the cyclone
experiences relatively warm temperatures,
southerly winds, and clear skies,although fair-
weather cumulus or altocumuluscloudsare not
uncommon.
The rather pleasant weather of the warm sector
passes quickly in the spring and is replaced bygusty
winds and precipitation generatealong the cold
front. The approach of a rapidlyadvancing cold
front is marked by a wall of rolling black clouds
(point D). Severe weather accompanied by heavy
precipitation and occasionally hails or a tornado
is common at this time of year.
The passage of the cold front is easily detected by
a wind shift. The warm flow from the south or
southwest is replaced by cold winds from the west
to northwest, resulting in a pronounced drop in
temperature. Also, rising pressure hints of the
subsiding cool, dry air behind the cold front. Once
the front passes, the skies clear quickly as cooler

air invades the region (point E). A day or two of
almost cloudless deep blue skies are often
experienced, unless another cyclone is edging into
the region.
A very different set of weather conditions prevails
in the portion of the cyclone that contains the
occluded front along profile F-G. Here
temperatures remain cool during the passage of
the storm. The first hints of the approaching low-
pressure center are a continual drop in airpressure
and increasingly overcast conditions. This section
of the cyclone most often generates snow or icing
storms during the coldest months. Moreover, the
occluded front usually moves more slowly than
the other fronts. Thus, the entire wishbone-shaped
frontal structure shown in the above figure rotates
counterclockwise so that the occluded front
appears to "bend over backward." This effect adds
to the misery of the region influenced by the
occluded front, for it remains over the area longer
than the other fronts.
Cyclone Formation
The polar-front model shows that cyclogenesis
(cyclone formation) occurs where a frontal surface
is distorted into a wave-shaped discontinuity.
Several surface factorsare thought to produce this
wave in a frontal zone- topographic irregularities
(such as mountains), temperature contrasts (as
between sea and land), or ocean-current influences
can disrupt the general zonal flow sufficiently to
produce a wave along a front. In addition, an
intensification of flip flow aloft frequently precedes
the formation of a surface cyclone. This fact
strongly suggests that upper-level flow contributes
to the formation of these rotating storm systems.
When the earliest studies of cyclones were made,
little data were available on airflow in the middle
and upper troposphere. Since then, a close
relationship has been established between surface
disturbances and the flow aloft. Whenever the
winds aloft exhibit a relatively straight zonal flow-
that is, directly from west to east-little cyclonic
activity occurs at the surface. However, when the
upper air begins to meander widely from north-
to-south, forming high-amplitude waves of
alternating troughs (lows) and ridges (highs),
cyclonic activity intensifies. Moreover, when
surface cyclones form, almost invariably they are
centered below the jet-stream axis and downwind
from an upper-level trough.
Cyclonic and Anticyclonic Circulation
Because cyclones are bearers of stormy weather,
they have received far more attention than their
counterparts, anticyclones. Yet the close
relationship between them makes it difficult to
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totally separate a discussion of these two pressure
systems. The surface air that feeds a cyclone, for
example, generally originates as air flowing out
of an anticyclone. Consequently, cyclones and
anticyclones are typically found adjacent to one
another. Like the cyclone, an anticyclone depends
on the flow aloft to maintain its circulation. In the
anticyclone, divergence at the surface is balanced
by convergence aloft and general subsidence of
the air column.

Idealized depiction of the support that divergence
and convergence aloft provide to cyclonic and
anticyclonic circulation at the surface.
Divergence and Convergence Aloft
Because divergence aloft is so important to
cyclogenesis, we need a basic understanding of
its role. Divergence aloft does not involve the
outward flow in all directions as occurs about a
surface anticyclone. Instead, the winds aloft flow
generally from west to east along sweeping curve.
How does zonal flow aloft cause upper-level
divergence?
One mechanism responsible for divergence aloft
is a phenomenon known as speed divergence. It
has been known for some time that
windspeedcanchange dramatically in the vicinity
of the jet stream. On entering a zone of high wind
speed, air accelerates and stretches out
(divergence). In contrast, when air enters a zone
of slower wind speed, an air pile-up (convergence)
results. Analogous situations occur every day on
a toll highway. When exiting a toll booth and
entering the zone of maximum speed, we find
automobiles diverging (increasing the number of
car lengths between them). As automobiles slow

to pay the toll, they experience convergence
(coming together).
In addition to speed divergence several other
factors contribute to divergence (or convergence)
aloft. These include directional divergence, which
is the amount of rotation exhibited by a mass of
moving air. Vorticity can either enhance or inhibit
divergence aloft.
The combined effect of the phenomena that
influence flow aloft is that an area of upper-air
divergence and surface cyclonic circulation
generally develop downstream from an upper-level
trough. Consequently, in the United States surface
cyclones generally form east of an upper-level
trough. As long as divergence aloft exceeds
convergence at ground level, surface pressures will
fall and the cyclonic storm will intensify.
Conversely, the zone in the jet stream that
experiences convergence and anticyclonic rotation
is located downstream from a ridge. The
accumulation of air in this region of the jet stream
leads to subsidence and increased surface pressure.
Hence, this is a favorable site for the development
of a surface anticyclone.
In summary, the flow aloft contribute to the
formation and intensification of surface low-and
high-pressure systems. Areas of upper-level
convergence and divergence are located in the
vicinity of the jet stream, where dramatic changes
in wind speeds cause air either to pile up
(convergence) or spread out (diverge). Upper-level
convergence is favored downstream of an upper-
level trough. Below regions of upper-level
convergence are areas of high pressure
(anticyclone), whereas upper-level divergence
supports the formation and development of
cyclonic systems (lows).
Traveling Cyclones
Cyclone development does not occur uniformly
over Earth but tends to favor certain locations, such
as the leeward sides of mountains and coastal
regions. In general, cyclones form in areas where
large temperature contrasts occur in the lower
troposphere.
Patterns of Movement
Once formed, cyclones tend to first travel in an
easterly direction and then follow a more
northeasterly path into the North Atlantic.
However, numerous exceptions to this general
trend occur.
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Changes in          Barometric  pressure        Pressure tendency Impending weather
wind direction
Any direction 1023 mb and above Steady or rising Continued fair with no temperature

(30.20 in.) change
SE to SW 1023 mb and below Rising rapidly Clearing within 12 to 24 hours

(29.92in.) and colder
S to SW 1013 mband and below Rising slowly Clearing within a few hours and

(29.92 in.)  fair for several days
SE to SW 1013 mband and below Steady or slowly falling Clearing and warmer, followed

(29.92 in.) by possible precipitation
E to NE 1019 mb and above Falling slowly In summer, with light wind, rain

(30.10 in.) may not fall for several days;
in winter, rain within 24 hours

E to NE 1019 mb and above Falling rapidly In summer, rain probable within 12
(10.10 in.) 24 hours; in winter, rain or snow

with strong winds likely
SE to NE 1013 mb and below Falling slowly Rain will continue for 1 to 2 days

(29.90 in.)
SE to NE 1013 mb and below Falling rapidly Stormy conditions followed within

(29.90 in.) 36 hours by clearing and, in winter
colder temperatures

Typical paths of cyclonic storms are shown in the
above figure.
Anticyclonic Weather and Blocking High
Owing to the gradual subsidence within them,
anticyclones generally produce clear skies and
calm conditions. Because these high-pressure
systems are not associated with stormy weather,
both their development and movementhave not

been studied as extensively as that of mid-latitude
cyclones. This does not imply, however, that
anticyclones always bring desirable weather. Large
anticyclones often develop over the Arctic during
the winter. These cold high-pressure are known to
migrate as far south as the Gulf Coast they can
impact the weather over as much as two-thirds
United States.This dense frigid air often brings
record-breaking cold temperatures.
Approximately one to three times each winter,
occasionally during other seasons, large
anticyclones persist over the middle latitudes for
nearly two weeks sometimes longer than a month.
These large highs deflect the nearly zonal west-
to-east flow and send it poleward. Thus, they are
sometimes called blocking highs.
Large stagnant anticyclones can also contribute
to air-pollution episodes. The subsidence within
an anticyclone can produce a temperature inversion
that acts like a lid to trap pollutants. Further, the
light winds associated with the center of an
anticyclone do little to disperse polluted air. Both
Los Angeles and Mexico City experience air
pollution episodes when strong, stagnant high-
pressure systems dominate their circulation for
extended periods.




