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space weather chapter has been introduced to cover impacts to aircraft operations. Finally, 

several terms were changed to those more commonly used by current weather personnel. 
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Chapter 1 

THE EARTHôS ATMOSPHERE 

1.1.  Introduction.   Benjamin Franklin aptly remarked: ñSome people are weather-wise but most 

are otherwise.ò He wisely understood that weather affects all facets of life. Virtually all of our 

activities are affected by weather, but none is affected more than aviation. Aviation weather can 

be as uneventful as a ñclear and a millionò day or as challenging as descending through a solid 

deck of nimbostratus clouds with moderate rime icing and embedded thunderstorms. Aviators 

can narrow the uncertainty surrounding weather with a well-rounded understanding of weather 

processes. They can anticipate and avoid potential or existing hazardous weather conditions, and 

take advantage of favorable conditions such as tail winds, or clearing weather behind a cold 

front. 

1.1.1.  This handbook explains basic meteorological concepts and common weather 

problems. Aviators can use this knowledge to ask weather forecasters critical questions such 

as the expected movement of reported severe thunderstorms or the length of time the 

visibility is to stay below l/4 mile. Perhaps mission planners want to know how the 

anticipated weather conditions will affect their sensors during Night Vision Goggle (NVG) 

training. What adjustments must be made if forecast target weather is marginal? Will low-

level jet stream winds affect the paratroop drop over the drop-zone or the bombsô impact? 

You may only have a phone number to a remote weather briefing site to retrieve weather 

information. Furthermore, once in the air, you may not be able to consult with a forecaster or 

see updated weather maps when confronted with unexpected changes. The Hazardous In-

flight Weather Advisory Service (HIWAS) may not be updated. At any rate, the better you 

understand weather, the safer your flight will be. 

1.2.  Composition of the Atmosphere. 

1.2.1.  The atmosphere is the gaseous envelope covering the Earth and held in place by 

gravity. Comparing the Earth to a baseball, the atmosphere, in perspective, would be about as 

thick as the baseballôs cover. This envelope of air rotates with the Earth. The atmosphere also 

has motions relative to the Earthôs surface called circulations. Circulations are caused 

primarily by the large temperature difference between the tropics and the polar regions, with 

other significant factors such as the uneven heating of land and water areas by the sun. The 

atmosphere consists of a mixture of various gases. Pure, dry air is composed of 

approximately 78 percent nitrogen, 21 percent oxygen, and a 1 percent mixture of other 

gases, mostly argon (Figure 1.1). One of the most important contents of the atmosphere is 

water vapor, which varies in amounts from near zero to 5 percent by volume. It is present in 

three physical states; a gas, a liquid, or a solid. The maximum amount of gaseous water vapor 

the air can hold is temperature dependent; the higher the temperature, the more water vapor it 

can hold. Water vapor remains invisibly suspended in varying amounts in the air until, 

through condensation, it grows to sufficient droplet or ice crystal size to form clouds or 

precipitation. Even when the atmosphere is apparently clear, it contains variable amounts of 

impurities, such as dust, smoke, volcanic ash, and salt particles. Concentrations of these 

impurities can lower visibility resulting in hazy skies and blurring of long distance visual 

cues. The depth of the atmosphere is commonly accepted as being 300,000 feet or up to 22 
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miles thick. Roughly half of it, by weight, lies below 18,000 feet due to gravity. This creates 

a blanket of dense air near the Earthôs surface upon which other forces act. 

Figure 1.1.  Composition of the Atmosphere. 

 

1.3.  The Troposphere. 

1.3.1.  The atmosphere is divided into layers, or spherical shells, each having certain 

properties and characteristics. The upper boundaries of these layers are referred to as 

ñpausesò. Since most weather and flying is in the troposphere and stratosphere, we will 

restrict our discussions to these two layers. The troposphere is the layer closest to the Earthôs 

surface. It varies in depth from an average of 60,000 feet over the equator to about 30,000 

feet over the poles, with greater depth in summer than in winter. Some principal 

characteristics include: 

1.3.1.1.  Generally decreasing temperatures with height (Figure l.2) 

1.3.1.2.  Generally increasing wind speeds with height 

1.3.1.3.  Most active atmospheric phenomena called weather. 

1.3.2.  At the top of the troposphere is the tropopause which serves as the boundary between 

the troposphere and the stratosphere. The location of the tropopause is characterized by a 

change from a decrease in temperature with height to no change of temperature with height 

(isothermal). The tropopause acts like a ñlidò in that it resists the exchange of air between the 

troposphere and the stratosphere. This explains why almost all water vapor is found in the 

troposphere. This also explains why the tops of thunderstorms rarely exceed the tropopause 

level. Above the tropopause are the stratosphere, the mesosphere, and the thermosphere 

respectively (Figure 1-2). The average altitude of the top of the stratosphere is 30 miles. 

Characteristics of this layer are a slight increase in temperature with height (as opposed to the 

decrease with height encountered in the troposphere).  Except for the near absence of water 

vapor and clouds and a substantial increase in the amount of ozone, the composition of the 

stratosphere is the same as the troposphere. Ozone is important because it absorbs most of the 

dangerous ultraviolet rays from the sun. Aircrews flying unprotected through areas of higher 

ozone concentration may experience irritation to eyes, nose, and mouth, or coughing 

symptoms associated with ozone sickness. Ozone also has a corrosive effect on certain 

metals and has become increasingly important as supersonic aircraft operate in regions of 
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higher ozone concentration. The maximum temperatures associated with the absorption of 

the sunôs ultraviolet radiation occur at the stratopause. 

Figure 1.2.  Troposphere--Decrease in Temperature with Height. 

 

1.4.  Aircrew Environment.  

1.4.1.  Because the atmosphere contains 21 percent oxygen, the pressure oxygen exerts is 

about one-fifth of the total air pressure at any given level. This is important to aircrews 

because the rate at which the lungs absorb oxygen depends upon the oxygen pressure. The 

average person is accustomed to absorbing oxygen at a pressure of 3 pounds per square inch 

(psi). Since air pressure decreases with increasing altitude, atmospheric pressure also 

decreases. Prolonged high altitude flight without supplemental oxygen results in hypoxia 

starting with a feeling of exhaustion, then vision impairment, and finally unconsciousness. 

Since the first effects of hypoxia can occur without the person realizing it, auxiliary oxygen 

must be used during prolonged flights above 10,000 feet, or when flying above 12,000 feet 

for even short periods of time. When the atmospheric pressure falls below 3 pounds per 

square inch (approximately 10,000 feet), a system of environmental pressurization becomes 

essential. 
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Chapter 2 

MOISTURE  

2.1.  Introduction.   Water covers around two-thirds of the Earthôs surface. It is in a constant 

state of transformation, where the three most important stages are evaporation, condensation, and 

precipitation. This continuous process is called the hydrologic cycle (Figure 2.1). It keeps the 

atmosphere supplied with moisture and helps produce temperature and pressure changes . Most 

of the atmosphereôs moisture is concentrated in the troposphere, and is rarely found in significant 

amounts above the tropopause. The remaining third of the Earthôs surface is land with elevation 

contrasts and vegetation differences. A good working knowledge of local and regional terrain 

variations is important to understanding local weather effects. Terrain varies from sharply 

contrasting mountain ranges to vast stretches of flat plains and plateaus. Each type of terrain 

significantly influences low level wind flow, moisture availability, and temperature. The weather 

can be cloudy and rainy on the windward side of a mountain range and cloudless and dry on the 

leeward side. Knowledge of terrain features can help you anticipate likely precipitation areas 

characterized by instrument flight rules (IFR) conditions, as well as areas of visual flight rules 

(VFR) conditions. 

Figure 2.1.  Hydrologic Cycle. 

 

2.2.  Changes of State. 
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2.2.1.  Water in the atmosphere exists in three states: vapor, liquid, and solid. Water vapor is 

water in the gaseous state and is not visible. In the liquid state, it forms as rain, drizzle, fog, 

and as small water droplets which form clouds. In its solid state, it forms as snow, hail, ice 

pellets, ice-crystal clouds, and ice-crystal fog. 

2.2.2.  The oceans serve as the primary source of water vapor for the atmosphere. To a lesser 

extent, moisture sources also include lakes, rivers, swamps, moist soil, snow, ice fields, and 

vegetation. As moisture evaporates into its vapor state, the wind may carry moisture great 

distances before it changes states into liquid or solid precipitation. 

2.2.3.  Evaporation, condensation, sublimation, and deposition are changes of state. When 

water changes from a liquid to a gas, molecules escape from the liquidôs surface and enter the 

air as water vapor. Evaporation rate increases with temperature. This is a simplified 

explanation of evaporation. Condensation is the change of state from a gas to a liquid. 

Condensation takes place when a volume of air reaches its saturation point. Sublimation is 

the change of state directly from a solid to a gas. The reverse is called deposition which is the 

change directly from a gas to a solid. Two other familiar changes of state are melting and 

freezing. 

2.2.4.  Any change of state involves heat exchange where energy is absorbed or released. 

Figure 2-2 illustrates the heat exchanges between the different states of water. During 

evaporation, escaping water molecules absorb energy (heat) to break away from the 

attraction of the other molecules. This cools the remaining liquid since it has less heat. Heat 

required for evaporation is not lost, but remains hidden or latent in the water vapor. When the 

vapor condenses to liquid water or deposits directly to ice, this heat is released to the 

atmosphere and the surrounding air becomes warmer. As an example, the amount of heat 

given off in a thunderstorm during the process of precipitating one-half inch of rain over a 

square mile is over 71 trillion Joules. The energy released by the atomic bomb dropped on 

Hiroshima was almost 84 trillion Joules. Melting, freezing, and sublimation all involve the 

exchange of heat in a similar manner. 

2.2.5.  The capacity for a parcel of air to hold water vapor is related to the temperature, where 

as temperature is a measure of energy.  Therefore, the warmer the air, the more energy is 

available for evaporation or sublimation. The cooler the air, the less energy is available for 

condensation or deposition, until the saturation point is reached and water droplets or ice 

crystals grow to the point they form visible clouds.  According to Charlesô Law, when 

pressure is held constant, as temperature increases, so does the volume of air (Figure 2.3). In 

this case the warmer the air, the more water vapor it can hold before reaching saturation 

when the water condenses. For approximately every 20
o
F (11

o
C) increase in temperature, the 

capacity of a volume of air to hold water vapor doubles. Conversely, as a parcel cools, the 

temperature and dew point temperature eventually equalize, and the relative humidity 

becomes 100%. Further cooling allows some water vapor to visibly condense as fog, clouds, 

or precipitation. The relative humidity and dew point concepts are expanded during the next 

few paragraphs. 
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Figure 2.2.  Phase Transitions of Water. 

 

2.3.  Relative Humidity. 

2.3.1.  Relative humidity is the ratio of the actual water vapor in the air to the water vapor 

that the air would contain if saturated. When a given air sample contains all the water vapor 

possible at a given temperature, the relative humidity is 100 percent (Figure 2.3). A relative 

humidity value of 50 percent means the air contains half the water vapor it is capable of 

holding at that temperature. Practically speaking, on a cold day with a temperature of 35°F 

and a dew point of 30°F, the relative humidity is 84 percent. On a hot day with a temperature 

of 95°F and the same dew point of 30
o
F, the relative humidity is only 10 percent. The dew 

point temperature is the same, but the relative humidity is quite different. If on the same hot 

day the temperature was 95F with a dew point of 74F, the relative humidity will feel high but 

in actuality is only 50%! 
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Figure 2.3.  Relative Humidity and Dew point. 

 

2.4.  Dew Point, Dew and Frost. 

2.4.1.  The dew point is the temperature to which a volume of air at constant atmospheric 

pressure must be cooled to become saturated, i.e., reach 100% humidity. When this 

temperature is below freezing, it is sometimes called the frost point. The difference between 

the actual air temperature and the dew point temperature is an indication of how close the air 

is to becoming saturated. This temperature difference is commonly called the dew point 

depression. Relative humidity increases as the dew point depression decreases.  When the 

relative humidity becomes 100%, the dew point depression is zero. Weather observations 

regularly include the dew point. Be alert for fog or low cloud formation any time the surface 

air temperature is within 4
o
F of the dew point, and the spread between the two is decreasing. 

Generally this condition is optimal during late night and early morning hours. On the other 

hand, when the difference between the two temperatures is increasing, existing fog and low 

clouds will likely dissipate because water vapor is evaporating into the warming air. This is 

often true in the morning hours, when air temperature is increasing as the day progresses. Be 

aware, however, that fog and low clouds may form 2 to 3 hours after sunrise if there is a 

layer of moist air in the first few hundred feet above the surface. 

2.4.2.  During clear, still nights, aircraft surfaces often cool by radiation to a temperature 

equal to the dew point of the surrounding air. The moisture or dew collects on the airframe 

surface just as it does on a pitcher of ice water in a warm room. The moisture comes from the 

air in direct contact with the cool surface. Frost forms when the temperature is colder than 

the melting or freezing point of water. Water vapor then deposits directly as ice crystals or 

frost rather than condensing as dew. Sometimes dew forms and later freezes, but frozen dew 

is easily distinguishable from frost since it is transparent and frost is opaque. Aircrews should 

not underestimate the dangers associated with frost formation. When frost forms on airframes 

it results in increased drag and decreased lift.  This will be covered more thoroughly in 

Chapter 11, Aircraft Icing. 
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2.5.  Condensation and Evaporation. 

2.5.1.  Condensation occurs if moisture is added to a volume of air after saturation has been 

reached or if cooling of the air reduces the temperature to or below the saturation point.  As 

shown in Figure 2.4, the most frequent cause of condensation is cooling of the air resulting 

when: (a) air moves over a colder surface, (b) air is lifted and cools by expansion, or (c) air 

near the ground is cooled at night as a result of radiational cooling. 

2.5.2.  Evaporation is the change of state from liquid to a gas.  Some common causes of 

evaporation are advection (transport) of dry air into a cloud and compressional warming due 

to subsidence (sinking air) that increase the dewpoint depression in a volume of air. 

Figure 2.4.  Causes of Condensation. 

 

2.6.  Clouds and Fog. 

2.6.1.  Clouds and fog form in air that has become saturated with respect to liquid water or 

crystalline ice. Clouds and fog are composed of very small droplets of water or ice which 

collect on microscopic water-absorbent particles called condensation nuclei (water) or 

deposition nuclei (ice). These aerosols include sea salts, dust, industrial pollution particles, 

volcanic ash, and a variety of other sources. They are so small their size is measured in 

microns (millionths of a meter). Clouds generally form when the air becomes saturated. 

Clouds and fog which form at temperatures well below freezing (-20
o
 C or lower) are usually 

composed of ice crystals, which form directly from water vapor through the deposition 

process. However, liquid water droplets are frequently observed in the atmosphere at 

temperatures much lower than the freezing point, and have been observed at -40
o
 C. These 

supercooled water droplets are prevalent in clouds to a temperature of about -20
o
C. Aircraft 

flying through supercooled clouds will likely encounter icing as the impact of the aircraft 

induces freezing of the supercooled droplets upon contact. 

2.7.  Precipitation. 

2.7.1.  Precipitation is liquid or solid moisture that falls from the atmosphere as rain, freezing 

rain, drizzle, freezing drizzle, ice pellets, snow, hail, or a combination of these. As shown in 

Figure 2.5, the type of precipitation is largely dependent upon air temperature and the degree 

of turbulence present. Precipitation often begins as suspended ice crystals grow through 

collisions with other ice crystals while traveling through moving air currents within a cloud. 

The growing ice crystals eventually attain a fall-speed which exceeds the upward air current 

velocity. As the ice crystals fall through the freezing point into warmer air they begin to melt 
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and, when melted completely, form raindrops. They continue to collide with other raindrops 

and grow larger. 

Figure 2.5.  Precipitation Products. 

 

2.7.2.  In clouds with no freezing level and the presence of minute droplets, collision and 

coalescence of variable sized water droplets produces liquid precipitation. Vertical air 

currents cause the droplets to collide and assist in the growth of clouds by carrying water 

droplets to higher altitudes. Gentle ascending air currents will produce light precipitation and 

thinner clouds. Turbulent air currents produce heavier precipitation with larger droplet sizes 

and clouds more than 4,000 feet thick. Usually precipitation of light intensity falls from 

stable stratus type clouds less than 4,000 feet thick. Precipitation can change its state as its 

environmental temperature varies. For example, during the winter, descending snow can 

change to rain as the precipitation goes through warmer layers of air, and the rain can 

descend further into colder air (below freezing point) refreezing into ice pellets before 

reaching the ground. This situation can happen frequently in the vicinity of warm fronts 

during the winter when an aircraft can cross the freezing level several times while ascending 

or descending. 

2.7.3.  Not all precipitation reaches the Earth. Sometimes it evaporates completely in dry air 

beneath the cloud base. This phenomenon is known as ñvirgaò and is a common occurrence 

in hot, dry areas such as the western United States and Southwest Asia. Virga appears as 

wisps or streaks of liquid water attached to the bottom of a cloud but not reaching the surface 

(Figure 2.6). Virga composed exclusively of ice crystals is known as ñfallstreaksò. The 

evaporation process cools the air. This cooler, denser air sinks creating a downdraft. If the 

virga reaches the ground, itôs reported as precipitation. If a large volume of virga evaporates 
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rapidly, it can form a downburst or microburst.  Microbursts are downdrafts concentrated in 

an area of less than 2.5 miles in diameter that are dangerous to aircraft taking off or landing 

because they dramatically increase wind shear and increase or decrease air speed and lift. 

Figure 2.6.  Virga. 

 



AFH11-203VI  12 JANUARY 2012   25  

Chapter 3 

TEMPERATURE  

3.1.  Introduction.   Temperature is important to the aircrew because it enters into the 

computation of most aircraft performance parameters. Aircrews can use the information to 

determine load capacities and takeoff roll information. During hot weather conditions some 

aircraft cannot take off until the temperature and pressure altitude conditions become more 

favorable. This chapter relates heat and temperature, describes commonly used temperature 

scales, and surveys temperature variations both at the surface and aloft. 

3.2.  Measuring Temperature. 

3.2.1.  Temperature is a measurement of heat energy and describes the degree of molecular 

activity. Since different substances have different molecular structures, equal amounts of heat 

applied to two different objects of equal mass usually results in one object getting hotter than 

the other. For example, a land surface becomes hotter than a water surface when equal 

amounts of heat are added to each.  In Figure 3.1, Q* indicates the heat which becomes 

sensible or measurable heat on land but in water becomes latent or stored heat. The sunôs 

radiation unevenly heats the Earthôs surface during the day, creating temperature and 

pressure differences that ultimately drive the Earthôs weather. 

Figure 3.1.  Land has Greater Temperature Variance than Water. 

 

3.3.  Temperature Scales. 

3.3.1.  Fahrenheit and Celsius (centigrade) are the names given to the two temperature scales 

important to the aircrew member. On the Fahrenheit (F) scale, the freezing point is at 32 

degrees and the boiling point at 212 degrees --a difference of 180 degrees (Figure 3.2). On 

the Celsius (C) scale, the freezing point is at 0 degrees and the boiling point at 100 degrees --

a difference of 100 degrees. The ratio between degrees F and degrees Celsius is, therefore, 
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180 to 100, or 9 to 5. This means that a temperature difference of 9 degrees F is equal to a 

difference of 5 degrees C. This ratio is used in converting from one scale to another as shown 

in Figure 3.2 The measurement of outside air temperatures with the typical aircraft 

thermometer is influenced by several factors (such as radiation, air compression, and friction) 

which tend to decrease the accuracy of these observations. Such effects may cause the 

reading to differ from the true free-air temperature by 25 degrees F (14 degrees C) or more, 

except where careful engineering has been provided. Most flight manuals contain a 

temperature correction chart to obtain true air temperature. 

Figure 3.2.  Temperature Scales. 

 

3.4.  Diurnal Cycle. 

3.4.1.  Diurnal variation is the daily change in temperature from day to night. During the day, 

incoming solar radiation exceeds outgoing terrestrial radiation and the surface becomes 

warmer. The daily temperature maximum usually lags behind the maximum solar insolation, 

occurring during the mid-afternoon hours. At night, solar radiation ceases, but longwave 

terrestrial radiation continues to emanate upward from the Earthôs surface, causing it to cool. 

The same temperature lag process explains why the minimum temperature usually occurs just 

after sunrise. The continued nighttime cooling process lags a bit even after sunrise and is one 

reason fog can form shortly after sunrise. The range of temperature between night and day 

varies considerably, both with season and location. This daily variation ranges as much as 30 

to 50 degrees Fahrenheit in arid areas to 15 to 20 degrees Fahrenheit in most mid-latitude 

locations. It is greater near the surface of barren high-level areas, over sand, plowed fields, 

and rocks. It is much smaller over thick vegetation and deep water surfaces. Practically no 

daily temperature change occurs in the free air 4,000 feet or more above the surface in the 
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troposphere. The daytime vertical temperature mixing process rarely extends above 4,000 

feet above ground level (AGL). 

3.4.2.  Aircrew Note. 

3.4.2.1.  The temperature (and resultant air density) at and near the surface greatly 

affects aircraft allowable gross weights for both takeoff and landing. An aircraft taking 

off during night or early morning in cooler, denser air has more allowable gross weight 

(all other factors being equal) than it would have in the early afternoon when the air is 

warmed and becomes less dense. 

3.5.  Land/Sea Difference. 

3.5.1.  The temperature distribution over the Earthôs surface largely depends on the seasons 

and on the composition and distribution of land/sea surfaces. Figure 3.3 and Figure 

3.4shows the surface temperature distribution for January and July in both hemispheres and 

clearly illustrates the influence of topography on the temperature. The following pertinent 

information can be noted: 

3.5.1.1.  Ocean areas between latitudes 40 degrees N and S show little temperature 

change from summer to winter. 

3.5.1.2.  Land areas are warmer than the adjacent water areas at the same latitude during 

summer. 

3.5.1.3.  Water areas are warmer than the adjacent land areas at the same latitude during 

winter. 

3.5.1.4.  Both the warmest and coldest temperatures are found over the land areas. 
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Figure 3.3.  Surface Temperature Distribution (Jan). 
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Figure 3.4.  Surface Temperature Distribution (Jul). 

 

3.6.  Lapse Rate. 

3.6.1.  Temperature normally decreases with increasing altitude throughout the troposphere. 

This decrease of temperature with altitude is called the lapse rate, expressed in degrees per 

thousand feet. The standard lapse rate in the troposphere is 2 degrees C (3.6 degrees F) per 

1,000 feet. This value serves as the basis for calibrating aircraft instruments and preparing 

performance charts. Figure 3.5 is a plot of the vertical profile of temperature (red line), 

dewpoint (green line), and pressure (horizontal black lines) at a point location. Variation in 

the lapse rate may change with altitude. At a given time and place, the vertical temperature 

might decrease at a rate of 3ºC per 1,000 ft from the ground to an altitude of 5,000 ft, at a rate 

of 1ºC per 1,000 ft between 5,000 and 7,000 ft, and at 2ºC per 1,000 ft above 7,000 ft until 

the tropopause is reached. Rarely does the temperature decrease at an orderly rate. In fact, 

temperature inversions are common in the troposphere, where temperature increases with 

height.  Notice the relatively deep inversion from 1000 mb to 900 mb in Figure 3-4, with a 

smaller one between 750 mb and 725 mb. 
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Figure 3.5.  Lapse Rate Temperature Reversals are Called Inversions. 

 

3.7.  Inversions. 

3.7.1.  When a layer within the troposphere increases in temperature with altitude it is called 

an inversion, because the usual decrease in temperature with altitude is inverted. Inversions 

are usually confined to a relatively shallow layer several hundred feet thick but can be up to a 

few thousand feet in depth. The three main types of inversions are the radiation, subsidence 

and frontal. The most common inversion over land, the radiation or nocturnal inversion, is 

produced immediately above the ground on clear, relatively still nights. Since air is a poor 

conductor, the ground loses heat rapidly through terrestrial radiation, cooling the layer and 

creating a temperature inversion. The coldest air is often adjacent to the Earthôs surface with 

the amount of cooling decreasing rapidly with altitude, which causes the temperature to 

increase up to some elevation. The air temperature a thousand feet above the ground is 

affected very little or not at all. Terrestrial radiation thus causes the lowest layer of air to be 

colder than the air just above that layer. If skies are overcast, nighttime cooling is reduced, 

thus reducing the likelihood of a radiation inversion forming. Inversions are also found in 

association with movement of colder air under warm air or the movement of warm air over 

cold air. Such inversions are often called frontal inversions. Their formation will be 

discussed in the chapter on fronts. A subsidence inversion sometimes forms as a result of 

widespread sinking of air (subsidence) within a relatively thick layer aloft, while the air 

below this layer is essentially unchanged. This sinking air is heated by compression, and it 

may become warmer than the air below it. Subsidence inversions are commonly encountered 
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in areas affected by high pressure. Sometimes an aircraft will encounter more than one 

subsidence inversion. Figure 3.5 (above) illustrates a ground (surface-based) inversion and 

an inversion aloft. 

3.7.2.  Aircrew Note. 

3.7.2.1.  Restrictions to vision, such as fog, haze, smoke, and low clouds, are often found 

in or below low inversions and in layers through which there is only a small change in 

temperature. The air in these layers is usually very smooth; however, light turbulence 

may be expected when flying through inversion flight levels. 

3.7.2.2.  Inversions often form the boundary between altitudes of widely varying wind 

speeds and directions. In the Midwest, a summertime radiation inversion often divides the 

light and variable surface winds from the low level jet winds. The wind speed difference 

can be 40 knots within a few hundred feet, causing wind shear and turbulence in the 

lower levels. The low level radiation inversion and associated wind shear/turbulence is 

most common in the lowest 2,000 feet of the atmosphere. 
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Chapter 4 

ATMOSPHERIC PRESSURE AND ALTIMETRY  

4.1.  Introduction.   Atmospheric pressure is one of the most important weather parameters that 

aviators need to understand. Aviators need to know the differences between the altimeter setting, 

sea level pressure, pressure altitude, density altitude, and constant pressure values. All of these 

different pressure variables impact aviators in significantly different ways. A ñQNHò altimeter 

setting used by most countries represents a pressure reading quite different than a ñQFEò 

pressure reading used by a few. The following sections will discuss the important pressure 

concepts and their impact upon flying operations. 

4.2.  Atmospheric Pressure. 

4.2.1.  Atmospheric pressure is the force-per-unit area exerted by the weight of a column of 

air extending directly above a given fixed point. As a result of constant and complex air 

movements and changes in air mass characteristics, the weight of this air column is 

continually fluctuating. These changes in air weight, and therefore air pressure, are measured 

with pressure-sensitive instruments called barometers. Most military weather stations use two 

barometers for barometric pressure readings. 

4.2.2.  Barometric pressure is expressed in many ways throughout the world. The three most 

common units are inches of mercury (Hg), millibars (mb), and hectopascals (hPa). Since the 

Kollsman window of altimeters in United States aircraft is calibrated for settings in inches of 

mercury, United States military and civil weather agencies express altimeter settings in 

inches of mercury. Many foreign nations use millibar for altimeter settings. Crew members 

flying in these countries can consult the Flight Information Handbook, Conversion Tables, 

Section D, for a table of millibars to inches of mercury and vice versa. The standard 

atmospheric pressure at sea level is 1013.25 mb, which corresponds to 29.92 inches of 

mercury. 

4.2.3.  Some civilian weather stations, both domestic and overseas, still use the mercurial 

barometer. Air Force crew members should be familiar with all three barometric pressure 

instruments. The mercurial barometer, shown in Figure 4.1, consists of an open dish of 

mercury into which is placed the open end of an evacuated glass tube. Mercury is used 

because it is one of the heaviest liquids at normal temperatures. The mercury barometer was 

used as the standard for deriving pressure readings for many years and is still used as the 

measuring standard at many civilian overseas locations. Atmospheric pressure forces 

mercury to rise in the tube. In an ideal or standardized atmosphere at sea level, a column of 

mercury rises to a height of 29.92 inches or 760 millimeters. In other words, a column of 

mercury measuring 29.92 inches represents the weight of a column of air having the same 

cross section as the column of mercury and extending from sea level to the top of the 

atmosphere. The change in mercury height measures differences in air pressure at that 

location. 
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Figure 4.1.  Normal Atmospheric Pressure at Sea Level. 

 

4.2.4.  The necessity for a more convenient and sturdy pressure instrument resulted in the 

Aneroid Barometer. This barometer doesnôt use fluid to measure pressure. Instead the 

internal workings has a cell made of thin metal to make it flexible, operating in a partially 

evacuated environment so it responds more readily to changes in atmospheric pressure 

(Figure 4.2). One end of the cell is fixed, while the other end is coupled to a pointer on a dial 

marked with pressure readings expressed in feet. The coupling itself magnifies the movement 

of the free end of the cell so as to express its calibration of 1,000 feet of altitude to each one 

inch of barometric pressure change. This approximates the rate of pressure change found in 

the lowest 10,000 feet of the atmosphere. 

Figure 4.2.  Aneroid Barometer Inner View. 

 

4.2.5.  Most military and all fixed Air Force Weather observing sites use some form of 

automated observing system.  The system continuously displays the altimeter setting and can 

display station pressure when needed. It digitally displays pressure readings in either inches 

or millibars. 
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4.3.  Pressure Distribution. 

4.3.1.  When the pressure is measured at an airport, it is the weight of the air above the 

airport that is measured. This is called station pressure. Pressure usually decreases with 

height so the pressure at a high elevation will be less than pressure at a lower elevation. To 

analyze weather maps, the pressure at different observing stations must be compared. Since 

station pressure varies with the station elevation, all station pressures must be adjusted to 

some common level to make the comparison (Figure 4.3). The commonly reduced level used 

is Mean Sea Level (MSL). 

Figure 4.3.  Larger Air Column = Higher Station pressure (assuming a standard 

atmosphere). 

 

4.4.  Pressure Correction. 

4.4.1.  The biggest change in barometric pressure comes with height. Within the lowest few 

thousand feet of the troposphere, where most of the atmosphere is concentrated because of 

gravity, the change amounts roughly to 1 inch of mercury for each 1,000 feet of altitude. In 

Figure 4.3 (above), we illustrate this concept by using two reported barometric pressures at 

Denver and New Orleans in an assumed standard atmosphere. The observer at Denver, 

located at 5,000 feet above sea level, will read approximately 24.92 inches on the barometer. 

The observer at New Orleans will read approximately 29.92 inches. Since all stations are not 

at the same elevation and conditions (e.g., densities) vary, the observed station pressure is 

adjusted to mean sea level pressure (MSL) for pressure reporting purposes. If this correction 

was not applied, Denver would almost always report a lower barometric pressure than New 

Orleans. Pressure variations are continually occurring at any given location at any given 

time. There are diurnal, seasonal, frontal, and occasional abrupt pressure changes. Abrupt 

changes occur due to frontal passages, thunderstorms, and the movement of high and low 

pressure systems. Passages of well-developed pressure systems (either highs or lows) are 

often accompanied by a large change in pressure with the changes occurring over a several 

hour period. The more gradual variations occur on a weekly, monthly, and seasonal basis. 
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But pressure varies most with vertical altitude changes and corresponding air temperature 

changes. 

4.5.  Temperature Effects on Pressure. 

4.5.1.  Air expands as it becomes warmer and contracts as it cools. Figure 4.4 shows three 

columns of air--one colder than standard temperature, one at standard temperature, and one 

warmer than standard temperature. Air pressure is equal at the bottom of each column and at 

the top of each column, but the volume of each air column differs with respect to 

temperature. Vertical expansion of the warm column makes it higher than the column at 

standard temperature. Contraction of the cold column makes it shorter. Since pressure 

decrease is the same in each column, the rate of decrease of pressure with height in warm air 

is less than standard. The rate of decrease of pressure with height in cold air is greater than 

standard. Atmospheric pressure readings are used quite extensively by meteorologists and 

aircrew members alike. Analyzed weather chart pressure patterns give insight to observed 

weather and forecast weather changes. 

Figure 4.4.  Pressure Rate Decrease with Height Varies with Temperature. 

 

4.6.  Pressure Maps. 

4.6.1.  There are numerous pressure patterns that aircrews can learn to recognize on weather 

charts because they frequently happen and are associated with numerous flying hazards. 

There is a direct relationship between pressure systems and air flow (wind). In general, high 

pressure areas are typically regions of favorable weather conditions, while lows are often 

associated with bad weather. 

4.6.2.  To provide a visual portrayal of the pressure patterns across the country, the MSL 

pressures from the observing stations are plotted on a surface weather map. Lines connecting 

stations of equal pressure are called isobars (expressed in millibars). They are usually drawn 

at 4 millibar (mb) intervals. These isobars form a pressure ñtopographicò map. In many 

cases, isobaric patterns yield clues to possible weather conditions. Lower pressure values 

usually indicate bad weather while high pressure typically indicates good weather (Figure 

4.5). Tightly compacted isobars indicate quickly changing weather and strong winds. Loosely 

aligned isobars indicate light winds and generally fair or static weather conditions. On Figure 



  36  AFH11-203VI  12 JANUARY 2012 

4-5, notice the high pressure values and weak pressure gradient over Texas.  This area is 

likely to experience clear skies and light winds.  Comparatively, notice the low pressure 

values and tight pressure gradient over upstate New York.  This area is likely to experience 

worse weather conditions with a greater potential for flying hazards. 

Figure 4.5.  Surface Pressure Chart. 

 

4.6.3.  Above the Earthôs surface, the convention is to use constant pressure charts, with lines 

called contours depicting the varying height of standard atmospheric pressure levels. Thus, 

contours are lines of equal altitude (Figure 4.6) and are expressed in meters. Analyzed 

contour patterns can indicate the relative strength of upper level winds much the same as the 

isobars on the surface weather map. The tighter the contour, the stronger the winds because 

rapid change in atmospheric pressure heights are correlated with increased winds. Common 

surface pressure and upper air chart symbols are explained below: 

4.6.3.1.  Low--An area of low pressure surrounded on all sides by higher pressure (as 

outlined by isobars on surface charts) or an area of low true altitude surrounded by higher 

true altitudes (as shown by contours on upper air charts): also called a cyclone. 

4.6.3.2.  High--An area of high pressure surrounded on all sides by lower pressure (as 

outlined by isobars on surface charts) or an area of high true altitude surrounded by lower 

true altitudes (as shown by contours on upper air charts): also called an anticyclone. 

4.6.3.3.  Trough--An elongated area of relative minimums in the pressure or height field.  

On a surface chart, a trough appears as an elongated area of lower pressure, with the 
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lowest pressure occurring along a line called a "trough line" that marks the place of 

maximum curvature in the isobars.  On an upper-air chart, a trough appears as an 

elongated area of lower heights, with the lowest heights occurring along a trough line that 

marks the place of maximum curvature in the height contours. 

4.6.3.4.  Ridge-- An elongated area of relative maximums in the pressure or height field.  

On a surface chart, a ridge appears as an elongated area of higher pressure, with the 

highest pressure occurring along a line called a "ridge line" that marks the place of 

maximum curvature in the isobars.  On an upper-air chart, a ridge appears as an elongated 

area of higher heights, with the highest heights occurring along a ridge line that marks the 

place of maximum curvature in the height contours. 

4.6.3.5.  Col--The neutral area between two highs and two lows. 

Figure 4.6.  Upper Air Chart.  

 

4.6.4.  Aircrew Note. 

4.6.4.1.  Pressure variations also affect the atmosphereôs density, and therefore they 

affect flight. The most noticeable effects of decreased pressure due to increased elevation 

are higher required true air speed for takeoffs and landings, increased takeoff and 

landing distances, decreased rate of climb, and stalls at increased true air speeds. 

4.7.  Standard Atmosphere. 
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4.7.1.  Since the vertical distribution of both temperature and pressure changes with time and 

place, some convenient vertical structure of the atmosphere, representing average conditions, 

had to be assumed to obtain fixed reference points. The International Civil Aviation 

Organization (ICAO) determined a year-round average of pressure/height/temperature 

soundings that is now considered the standard atmosphere for use in calibrating the aneroid 

barometer. 

4.7.1.1.  Here is a partial list of conditions assigned by ICAO that make up the standard 

atmosphere: 

4.7.1.1.1.  A surface temperature of l5°C (59°F) at sea level. 

4.7.1.1.2.  A surface pressure of 29.92 inches of mercury (1013.2 millibars, 14.7 

pounds per square inch) at sea level. 

4.7.1.1.3.  A lapse rate within the troposphere of approximately 2°C per 1,000 feet up 

to the tropopause. 

4.7.1.1.4.  A tropopause at approximately 36,000 feet. 

4.7.1.1.5.  A lapse rate of 0°C in the stratosphere to approximately 82,000 feet. 

4.7.2.  The advent of aviation early in the last century brought about a search for an accurate 

method of measuring the altitude at which an aircraft was flying. Barometric pressure was 

ideal for several reasons, chiefly the fact that pressure change with altitude is approximately 

10,000 times greater than that found in equivalent horizontal distances. The rate of change in 

vertical heights in the lower atmosphere is about 1 inch for every 1,000 feet of altitude. An 

aircraft altimeter (Figure 4.7) is essentially an aneroid barometer calibrated to indicate 

altitude in feet instead of pressure. This altitude is independent of the terrain below. An 

altimeter reads accurately only in a standard atmosphere and when properly adjusted 

altimeter settings are used. Remember, an altimeter is only a pressure-measuring device. It 

indicates 10,000 feet with 29.92 set in the Kollsman window, and the pressure is 697 

millibars, whether or not the altitude is actually 10,000 feet. 

Figure 4.7.  Aneroid Altim eter. 

 

4.7.3.  The effect is important since in the lowest 15,000 feet of the atmosphere a 2-3
o
C 

deviation of the mean temperature from the standard temperature of 2.8
o
C will cause about a 

1% percent error in the altimeter reading. For example, if an aircraft with a correct altimeter 
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setting is flying at an indicated altitude of 10,000 feet but the air below flight level is 11°C 

warmer than the standard atmosphere temperature of 2.8°C, the altimeter will read about 4 

percent too low. The aircraft will be flying at a true altitude of 10,400 feet (400 feet higher 

than indicated). Carefully study Figure 4.8 to visually see the effects of temperature on 

aircraft indicated and true altitudes. 

Figure 4.8.  Effects of Temperature on True and Indicated Altitude. 

 

4.8.  Pressure Altitude. 

4.8.1.  In the standard atmosphere, sea level pressure is 29.92 inches Hg or 1013.2 millibars. 

This is called the standard datum plane. Pressure falls at a fixed rate upward through this 

hypothetical atmosphere. Pressure altitude is the altitude above that standard datum plane. 

Therefore, crew members can easily determine pressure altitude from the aircraft altimeter 

whether in flight or on the ground. Simply set the altimeter to the standard altimeter setting 

of 29.92 inches, and the altimeter will indicate pressure altitude. Block 7 of the Flight 

Weather Briefing, DD Form 175-1, is for pressure altitude calculations furnished by AF 

Weather personnel. 

4.9.  Density Altitude. 

4.9.1.  Density altitude is pressure altitude corrected for nonstandard temperature. Since 

standard atmospheric conditions are seldom encountered, the density altitude for an airfield 

may vary several thousand feet from the actual mean sea level elevation of the field. On a hot 

day, the air becomes ñthinner,ò and its density at the field is equivalent to a higher altitude in 

the standard atmosphere. The field then has a high (+) density altitude. An example of this 

would be a field located 5,000 feet above mean sea level with a density altitude of 10,000 

feet. An aircraft flying at this field would then be operating in air normally found in the 

standard atmosphere at 10,000 feet. Conversely, on a cold day the air becomes heavy. Its 

density is the same as that at an altitude in the standard atmosphere lower than the field 

elevation. The density altitude is then lower (-) than normal. 
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4.9.2.  The efficiency of aircraft performance is greatly affected by the varying densities of 

the atmosphere. Low density altitude increases aircraft performance. High density altitude, 

however, can be a hazard since it reduces aircraft performance, especially if the aircraft is 

critically loaded. The lift of the wing or blade is affected by the speed of the air around it and 

the density of the air through which it moves. In areas of high density altitude, additional 

engine power is required to compensate for the thin air. Takeoff and landing rolls are 

lengthened, and rates of climb and service ceiling are reduced. Density altitude can also be 

determined by using a dead reckoning (DR) computer or a conversion chart found in aircraft 

T.O.ôs. If you know the ambient temperature and the pressure altitude, you can use a simple 

conversion chart to find the density altitude. For example, reference Figure 4-9b., if the 

outside temperature is 30
o
C and the pressure altitude is 2,010 feet, follow the 30

o
C value 

vertically until it intersects the slanted pressure altitude value of 2,010 feet. Follow the 

horizontal density altitude value to the left of the graph for the density altitude in thousands 

of feet. In this case, the density altitude is approximately 4,300 feet. For a more precise DA 

use the complete formula illustrated in Figures 4.9 &  Figure 4.10 Temperature variation is 

incorporated into the formula for obtaining density altitude from a known pressure altitude. 

Each 1
o
C variation from standard temperature changes the density altitude approximately 

120 feet. If the actual temperature is below standard, the density altitude is lowered. 

Figure 4.9.  Example. 
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Figure 4.10.  Density Altitude Chart.  

 

4.9.3.  There are three different altimeter settings. Listed below are comparisons of the three 

altimeter settings: 

SETTING    AT AIRPORT     IN THE AIR  

 

Standard QNE   Variable elevation    Positive separation by  

29.92 Hg    reading above or    pressure level but at  

1013.25 mb    below actual elevation.  varying altitudes. 

  

QNH     Actual elevation    Altitude above MSL  

above MSL reading  (without 

when aircraft on ground. consideration  

     of temperature).  

 

QFE     Zero elevation    Height above ground  

reading when indicated   (without  

aircraft on ground.  consideration of 

temperature.)  

4.9.4.  The QNE is always 29.92 inches Hg and results in the altimeter indicating height 

above the standard datum plane or pressure altitude. This altimeter setting is used above the 
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transition altitude (18,000 feet MSL in the United States). The QNH altimeter setting is a 

pressure reading which, when set in the aircraft altimeter Kollsman window, will cause the 

instrument to read its true height above MSL. Although QNH is the standard altimeter setting 

throughout most of the world, some locations may give it in millibars. If pressure data cannot 

be obtained in inches, use the conversion table in the Flight Information Handbook, Section 

D, to convert them. A QFE altimeter setting (used by a few nations) is the actual surface 

pressure and is not corrected to sea level. If QFE is set, the altimeter indicates actual 

elevation above the field, but does not ensure terrain clearance. Aircrews must exercise 

extreme caution if conducting operations at a location using QFE. An altimeter correctly set 

is good for aircraft traffic separation because any atmospheric pressure or temperature 

deviation is common to all aircraft in the area. It is also useful for landing, since a ground-

level pressure variation would diminish to zero. But the pressure altimeter will not 

automatically show exact actual height when in flight. It is still the aircrewôs responsibility to 

ensure terrain avoidance. 

4.9.5.  There are three factors that determine the pressure altimeter: 

4.9.5.1.  The atmospheric pressure level which the instrument is measuring. 

4.9.5.2.  The mechanical displacement of the indicator needles: the altimeter setting. 

4.9.5.3.  Instrument error. (Determined for each individual altimeter) 

4.9.6.  Aside from the possible instrument error, it is easy to anticipate the effects of the other 

two variables by understanding the meteorological factors: first, the variation of sea level 

pressure from that of the standard atmosphere; and second, the deviation of the vertical 

temperature distribution from that of the standard atmosphere. At and above the transition 

altitude (18,000 feet MSL in the US), aircraft altimeters must be set to the standard altimeter 

setting 29.92 inches Hg. The pilot flying above the transition level must adjust the altimeter 

to the QNH setting when descending through the transition level for operation below that 

altitude. This will provide proper air traffic and terrain separation. When flying below the 

transition altitude, the altimeter must be adjusted to the surface pressure setting (QNH) of the 

nearest ground reporting station. Even when sea level pressure does not change along a route 

of a flight, incorrect altitude indications may result from temperature changes. If the air is 

much colder than the standard atmosphere, the actual aircraft altitude will be lower than the 

altimeter indicates; if the air is warmer, the aircraft will be higher than the altimeter indicates 

(Figure 4.11). It is important that crew members understand these errors so that when flying 

in cold weather and operating in mountainous regions at minimum en route altitudes (MEA), 

they do not have difficulty maintaining terrain clearance. 



AFH11-203VI  12 JANUARY 2012   43  

Figure 4.11.  Altitude Error Due to  Nonstandard Temperatures Aloft (D-Value). 
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Chapter 5 

WIND  

5.1.  Introduction.   Wind is moving air, and while normally referred to as ñwind,ò certain 

geographic locations have significant types of winds that are referred to by names. For example, 

the Mediterranean has the Mistral, the Rocky Mountain region has the Chinook, Southern 

California has a wind called the Santa Ana, and northern Africa has the hot, dry, Sirocco wind. 

Whatever it is called, the aviator is concerned with wind on every flight. Winds near the surface 

and aloft are important in takeoff, en route, and landing conditions. Knowledge of the winds is 

essential for navigation, fuel management, and flight safety purposes. 

5.2.  Causes of Wind. 

5.2.1.  Atmospheric pressure and temperature variations cause the air to move in two ways: 

ascending and descending currents (vertical motions) and the horizontal flow of air known as 

wind. Both of these air motions affect the weather. Wind transports water vapor and therefore 

plays an important role in the formation of clouds, fog, and precipitation. This chapter will 

discuss mainly the horizontal flow of air. The vertical motion of air and its impact upon 

weather is treated in later chapters. General circulation describes the observed patterns of 

winds and pressure which persist throughout the year. General circulation patterns 

redistribute the unequal heating of the Earthôs surface allowing large scale migrations of 

warmer and cooler air. The circulations form semi-permanent pressure systems, steer any 

migratory pressure systems and also determine where tropical storms may track. Also the 

general circulation uniquely balances many controlling factors such as angular momentum 

and the Coriolis force. The key driver of atmospheric circulation is uneven heating of the 

Earthôs surface by the sun. The most direct rays strike the Earth near the equator, heating 

equatorial regions much more than polar regions. Yet the equatorial regions donôt get hotter 

and hotter, nor do the polar regions colder and colder because the general circulation 

transports heat between latitudes. 

5.2.2.  Because the Earth rotates, and its surface is not even or uniform in heat capacity, three 

sets of primary circulation cells develop in both hemispheres (Figure 5.1). The cells closest 

to the equator are called the Hadley cells, the mid-latitude cells are called the Ferrel cells, and 

the farthest cells are called the Polar cells.  This simple circulation model is constantly 

modified by: 

5.2.2.1.  The irregular distribution of oceans and continents. 

5.2.2.2.  Irregular terrain. 

5.2.2.3.  Daily variation in temperature. 

5.2.2.4.  Seasonal changes. 
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Figure 5.1.  Three-Cell Model of the Earthôs Circulation. 

 

5.2.3.  When a migrating parcel of air moves either northward or southward, a phenomenon 

known as the Coriolis force impacts its horizontal motion. If the parcel of air moves 

northward to a higher latitude, as with the northerly surface wind typically associated with 

the Ferrel cell, it will move ahead (to the right) of the point directly north of its initial starting 

point due to its greater speed (Figure 5.1). A parcel of air moving from north to south, from 

an area with a smaller circumference to an area with a larger one, encounters a lag because it 

enters a plane with a greater rim speed than the plane it left. Therefore, because of the lag, 

the air parcel would also deflect to the right. From this, we observe that if the only force at 

work is the rotation of the Earth, parcels of air moving north or south over considerable 

distances deflect to the right in the Northern Hemisphere (Figure 5.1). Therefore, if a parcel 

of air migrates from north to south, the parcel will deflect to the west.  The Coriolis force is 

strongest at the poles and decreases to zero at the equator, and increases in strength as wind 

speed increases. 

5.3.  Jet Streams. 

5.3.1.  Using the three-cell model discussed earlier, we see that the various circulations due 

to unequal heating combine to create the jet streams  that are centered at 30°N/S and 60°N/S 

on average (Figure 5.2) but constantly meander north and south. Winds generally increase 

with height through the troposphere due to the presence of a north-south temperature gradient 

in the mid-latitudes and the conservation of angular momentum, reaching a maximum near 

the tropopause.  This wind maximum is called the jet stream.  A jet stream, or ñjetò, is a 

meandering region of concentrated, higher wind speeds that circles the Earth. In the 

wintertime, there are often two or three predominant jet streams: the polar-front jet (PFJ) 

stream, the subtropical and the arctic jet streams. The main and best known jet stream is the 

polar-front jet stream which frequently enhances major weather system development in the 

mid-latitudes. Within the jet stream are concentrated pockets of the strongest winds, often 
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called jet stream maxima or simply a ñjet maxò. The strongest vertical motions associated 

with jet streams occur under jet maxima, and these motions are a major factor in the 

development of low pressure systems. 

5.3.2.  The PFJ is generally found parallel to and on the ñpolewardò (cold) side of surface 

frontal systems, generally in the neighborhood of 30,000 feet; but, they can be above or 

below this level depending on the latitude and the season. In the Northern Hemisphere, as 

you look downwind into the jet stream, you will notice that the air in a jet core slowly rotates 

in a counterclockwise direction. If the air is moist, the ascending air on the warm air side will 

cause cirrus clouds to form. Strong vertical wind shear may be evident from the windswept 

appearance of the trailing ice crystals of hook-shaped cirrus. Very dense cirrostratus clouds 

form with an abrupt ñpolewardò edge near the jet core. The PFJ has a life cycle of formation, 

intensification, movement, and dissipation related to the polar front. The strength of the jet 

stream is greater in winter than in summer. The mean position of the polar jet stream shifts 

south in winter and north in summer moving with the seasonal migration of the polar front. 

As the jet stream moves southward, its core rises to higher altitudes, and on the average, its 

speed increases. The core of strongest winds is generally found between 25,000 feet and 

40,000 feet, depending on latitude and season. 

Figure 5.2.  Formation of Jet Streams. 

 

5.4.  Circulation Patterns. 

5.4.1.  In the Northern Hemisphere, air flows clockwise around high pressure areas and 

counterclockwise around low pressure areas. This circulation pattern is referred to as 

cyclonic for a low and anti-cyclonic for a high. In briefings and forecasts, you will often 

encounter the term ñpressure gradientò or just ñgradient.ò The pressure gradient is the rate 

change of pressure or height of a pressure surface (such as 850mb) with horizontal distance 

between high and low pressure areas. The greater the difference in pressure between highs 

and lows, the greater the pressure gradient is between those points. On surface and upper air 

charts, closer spacing of the isobars and contours indicate greater differences in pressure over 

a given distance. The closer the spacing, the faster air flows to equalize the pressure 

difference, therefore indicating higher wind speeds. The reason for this begins when a parcel 

of air from the higher pressure area starts moving toward the low pressure area. As it does, 

the Coriolis force begins to swing the parcel of air to the right. The force initiating the 
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horizontal movement (pressure gradient force) still exerts its pull, now to the left. When the 

pressure gradient force balances the Coriolis force, the air blows parallel to the isobars or 

contours. As this parcel of air enters these ñlanesò between isobars or contours, it is virtually 

squeezed through the narrower channels formed by the stronger pressure gradient, and shown 

on the surface chart by a closer spacing of the isobars. Thus the moving parcel of air, 

channeled into a narrower corridor, picks up speed. The wind will lose speed if the air enters 

an area where the isobars indicate a lower pressure gradient (by being spaced farther apart). 

Without the Coriolis force, a parcel of air would move directly across the isobars from high 

to the lower pressure until the pressure equalized. This attempt to equalize pressure initiates 

the movement of the parcel of air from the higher to lower pressure area. 

5.4.2.  If you measure the perpendicular distance between the two adjoining isobars in 

Figure 5.3, the difference between A and B, and C and D is 4 mb. However, the 4 mb 

difference between A and B occurs over a shorter distance, making the pressure gradient and 

resultant winds stronger than those between C and D. Pressure gradients may be described 

as: steep, strong, flat, or weak. From a practical standpoint, it is sufficient to remember that 

the gradient (and wind) is strongest where the isobars or contours are closest. 

Figure 5.3.  Pressure Gradient Versus Wind Speed. 

 

5.4.3.  Air crew Note. 

5.4.3.1.  If you need to get away from high velocity pressure gradient winds, the quickest 

route is to fly perpendicular to the winds with the wind flowing right to left; this will lead 

you toward the High pressure area and lower winds. If you fly with the wind flowing left 

to right, you will be going toward the Low, and toward higher winds. 

5.4.4.  Surface friction slows air movement. Since the Coriolis force varies with wind speed, 

a reduction in the wind speed by friction means a reduction in the Coriolis force. This results 

in a disruption of the balance between the Coriolis and pressure gradient forces. When the 

new balance, including friction, is reached, the air blows at an angle across the isobars from 
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high to low pressure. This angle varies from 10
o
 over the oceans to as much as 45

o
 over 

rugged terrain. Friction effects on the air are greatest near the ground, but the effects are also 

carried aloft by ascending currents. Surface friction slows winds up to about 2,000 or 3,000 

feet AGL (Figure 5.4). Above this level, friction effects decrease rapidly and are negligible 

for all practical purposes. Therefore, air about 3,000 feet or more AGL tends to flow parallel 

to the contours. As a result of changing pressure patterns with height, the flow of air around 

high and low pressure areas above the surface friction layer may be entirely different than 

indicated on the surface chart. It is quite possible for the surface wind to be light and 

variable, while the 30,000 foot wind has a speed of over 100 knots. In forecasting winds at 

flight level, the forecaster uses the constant pressure chart nearest that level, instead of the 

surface chart. 

Figure 5.4.  Surface Winds are Deflected Across Isobars Toward Lower Pressure. 

 

5.5.  Cyclones and Anticyclone (Highs and Lows). 

5.5.1.  People living in the temperate zone and farther north know that their weather changes 

with the alternate passage of cyclones (low pressure systems) and anticyclones (high pressure 

systems). These migrating systems usually move from west to east with the prevailing 

westerly winds. They are accompanied by wind shifts, rapid changes in temperature, and 

broad areas of precipitation. Migrating cyclones and anticyclones are the primary means for 

the heat exchange between high and low latitudes. Lows (cyclones) are usually a few 

hundred miles in diameter. Highs (anticyclones) are generally larger and more elongated, the 

longer axis sometimes extending over 2,000 miles. 

5.5.2.  Hurricanes (intense low pressure areas) originate over the Atlantic Ocean, the 

Caribbean Sea, the Gulf of Mexico, and the eastern Pacific along the coasts of Central 

America and Mexico. In the tropical areas of the northwestern Pacific Ocean, they are called 

ñtyphoons.ò In the Indian Ocean near the east coast of Africa, and in the Southern 

Hemisphere, they are called ñtropical cyclones.ò The extremely low pressure, intense winds, 

torrential rains, and other characteristics of hurricanes, typhoons, and tropical cyclones will 

be discussed in several chapters of this handbook. Their treatment in detail is reserved for 

Chapter 14, Tropical Weather, since these phenomena originate in the tropics. 

5.6.  Local Effects Winds. 
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5.6.1.  Zooming in from the global circulation and the transient pressure systems, we get to 

the local effects wind systems created by an areaôs geography. These local wind systems can 

cause significant changes in the areaôs weather. The term ñlocal,ò in the case of wind 

systems, applies to areas whose sizes range from tens of miles (e.g., mountain passes), to 

hundreds of miles (e.g., Gulf Coast sea breeze). In any case, local geographical differences 

determine the size and degree of local wind development. Land surfaces warm and cool more 

rapidly than water surfaces through incoming solar radiation (insolation) and outgoing 

(terrestrial) radiation. Therefore, the land is normally warmer than the sea during the day and 

colder at night. This difference in temperature is more noticeable during the summer months 

and when there is little horizontal transport of air in the low levels. In coastal areas, this 

difference of temperature between the land and water produces a corresponding difference in 

pressure (a pressure gradient). During the day the pressure over the warm land is lower than 

over the colder water. The low-level cool air over the water moves toward the lower 

pressure, forcing the warm air over land upward. The resulting cool onshore wind is a ñsea 

breeze.ò At night the circulation reverses so that the air movement is from land to sea, 

producing a warm offshore wind called ñland breeze.ò  Sea breezes are usually stronger than 

land breezes, but they seldom penetrate far inland. Both land and sea breezes (Figure 5.5) are 

shallow in depth. Ten to twenty knot sea breezes are common. 

Figure 5.5.  Sea and Land Breezes. 

 

 

5.7.  Valley Wind and Mountain Breeze. 
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5.7.1.  In the daytime, air next to a mountain slope heats by contact with the ground as it 

receives radiation from the sun. This air becomes warmer than the surrounding air farther 

away from the slope. Colder, denser air in the surrounding areas settles downward and forces 

the warmer air near the ground up the mountain producing the valley wind, so called because 

the air flows up out of the valley (Figure 5.6). These winds are of particular importance for 

light aircraft, helicopter, and low-level operations. At night the air in contact with the 

mountain slope cools by outgoing terrestrial radiation and becomes denser than the 

surrounding air. It sinks along the slope producing the mountain breeze. In mountainous 

areas where the performance of some fixed wing aircraft or helicopters is marginal, the 

location of valley and mountain winds can be critical. 

Figure 5.6.  Valley Wind and Mountain Breeze. 

 

 

5.8.  Katabatic Winds. 

5.8.1.  A katabatic wind is any wind blowing down an incline. The mountain breeze, 

therefore, is a type of katabatic wind. If the down-slope wind is warm relative to the air in the 
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valley or plain below, it is called a foehn. If the down-slope wind is cold, it is called either a 

fall wind or a gravity wind. Many katabatic winds recurring in local areas have been given 

colorful names due to their dramatic effect. For example, the warm wind located along the 

eastern slopes of the Rockies is called a Chinook (Figure 5.7). As air rises it cools and its 

moisture condenses out during ascent on the western slopes.  The latent heat released by 

condensing water vapor warms the air parcel. As it flows downhill, the parcel heats further 

due to compression. A Chinook can raise the temperature at the base of a mountain 30
o
F in a 

few minutes. Another example is the Santa Ana wind, a foehn wind which descends from the 

Sierra Nevada Mountains into the Santa Ana Valley of California. This hot, dry wind is noted 

for its high speeds and extremely low humidities. Fall winds are found in very cold plateau 

regions (Figure 5.8). In southeastern Alaska there is a fall wind known as the Taku, while in 

the Alps there is one known as the Bora. Because the cold air is heavy, it flows downhill due 

to gravity, resulting in a shallow wind sometimes attaining high speeds. These winds usually 

affect a rather large area and may occur during the day or night. Fall winds are usually 

stronger at night, though, because radiational cooling of the ground further cools the air. 

Figure 5.7.  Chinook Wind. 
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Figure 5.8.  Fall or Bora Wind. 

 

5.9.  Upslope Winds. 

5.9.1.  Upslope winds flow up a slope or a valley during the day. Air adjacent to a slope 

facing the sun becomes warmer and less dense than the air at the same level some distance 

from the slope. The warm air becomes buoyant and floats up the slope. Surface heating, a 

frequent ingredient of thunderstorm development, develops instability which causes the flow 

to be turbulent. The depth of the upslope wind increases with height, and the air can become 

very turbulent at the top of the hill or ridge. For the same reason, air tends to flow up a valley 

during the day rather than along isobars. In these situations there will be an upslope wind on 

the sunny side of the valley and a down-slope wind on the shaded side. 

5.10.  Down-slope Winds. 

5.10.1.  A down-slope wind may consist of either a warm or cold flow of air down a slope 

and may develop into an extremely strong wind with dangerous shears. Air cooled by 

radiational cooling at night becomes dense and is pulled by gravity down the natural 

pathways of hills and mountains to collect in the valleys; then it flows down the valleys out 

onto the plains or oceans. The flow tends to be shallow and streamlined. The glacier wind is 

a form of down-slope wind that can develop to hazardous proportions if the cooling is 

extreme. This can occur over glaciers where shallow winds of 80 knots or more can form. 

The winds blow downhill both day and night in this case because the cooling is caused by the 

underlying ice. At times the flow is pulsating with the cold air building up to a critical point 

and then being released in a rush down the slope. 

5.10.2.  Aircrew Note. 

5.10.2.1.  Since the wind at any level blows according to the pressure system at that level, 

there is a definite connection between wind and altimeter error. If you are flying at 

10,000 feet and are experiencing a direct headwind or tailwind, you must be flying 

parallel to the isobars. There is no pressure change to affect the accuracy of your 

altimeter. If during flight you experience a marked drift to the left, you will be 

approaching an area of higher pressure. If the drift is to the right, you are approaching 

an area of lower pressure. During a flight at higher levels, the observed wind will 
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indicate the pressure pattern at flight level, which may not be the same as the pressure 

pattern at the surface. If you are flying at a constant pressure level, a marked left-hand 

drift indicates the aircraft is gradually gaining altitude and a marked right-hand drift 

indicates the aircraft is gradually losing altitude, although in both cases the altimeter 

reading would remain unchanged. Therefore, winds determined during flight can be of 

great value in assessing altimeter errors due to pressure. 



  54  AFH11-203VI  12 JANUARY 2012 

Chapter 6 

CLOUDS 

6.1.  Introduction.   Clouds display a wealth of information about present and future weather. 

They provide visible evidence of atmospheric motions, water content, and stability. A good 

working knowledge of cloud types enables fliers to reasonably understand what flying weather to 

expect. Clouds are classified by their height and appearance. Puffy cumulus clouds are the ñfair 

weather cloudsò while the nimbostratus clouds ñlook like rain.ò Altocumulus standing lenticular 

clouds usually indicate mountain wave turbulence, while large, cumulonimbus clouds mean 

trouble! Since there are such a variety of clouds, meteorologists have simplified cloud 

identification by using ten cloud genera defined by the World Meteorological Organization 

(WMO). This chapter will introduce cloud formation processes and cloud composition. It will 

further explain the cloud types, typical heights, and specific characteristics of each type. Cloud 

pictures will help identify the different types. The chapter will conclude by looking at special 

cloud formations and topics. 

6.2.  Cloud Composition. 

6.2.1.  Chapter 2 indicated that clouds are composed of minute liquid water droplets and/or 

ice crystals, depending on the cloudôs temperature. When the outside air temperature is 

between 0oC and -20oC, clouds are largely composed of supercooled water droplets, and 

usually contain some ice particles. Ice crystals predominate at temperatures lower than -

20oC. However, supercooled water droplets can exist at temperatures as low as -40oC. If the 

cloud droplets become large enough, they are no longer buoyant and they begin to slowly fall 

as supercooled or naturally occurring water droplets. The droplets stick together or coalesce 

and fall faster eventually becoming precipitation. The cloud temperature and atmospheric 

stability determines the precipitation type. A stable atmosphere favors precipitation droplets 

of a more uniform size. Condensation nuclei, such as windblown dusts, sea-salt, and 

combustion by-products, compose the centers of cloud particles. The presence of 

condensation nuclei is necessary for the formation of water droplets. Most nuclei are found 

within the first few kilometers of the ground. Within higher elevations, complex cloud 

physics processes allow condensation nuclei to grow and gradually overcome gravity. The 

type of condensation nuclei also is a determining factor of how fast a precipitation particle 

will grow. 

6.3.  Cloud Families. 

6.3.1.  The forms and varieties of clouds have always challenged those whose livelihoods 

depended upon the weather. Aircrews can also learn the language of clouds and use this 

information. Although the weather field has become highly technological and computerized, 

basic cloud knowledge will still reap dividends for aircrews. For our purpose, aircrews 

should be concerned with only the basic cloud types, which are divided into four ñfamilies.ò 

The basic cloud types are low clouds, middle clouds, high clouds, and clouds with extensive 

vertical development (Figure 6l.). The average height of middle and high clouds varies with 

latitude, time of year, and with the tropopause height. Low cloud altitudes vary little with 

latitude. Low, middle, and high cloud families are further classified according to the way 

they are formed. There are two basic types of clouds, cumulus and stratus, and the degree of 
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the airôs stability largely determines cloud type. Clouds formed by vertical currents of 

unstable air are called cumulus, meaning ñaccumulationò or ñheap.ò They are characterized 

by their lumpy, billowy appearance. Due to the associated vertical air currents, there is 

always some degree of turbulence within and beneath cumuliform clouds. Clouds formed by 

the cooling of a stable layer are called stratus, meaning ñspread outò and appear layered. 

They are characterized by their uniform, sheet-like appearance. Stratiform clouds, having 

little or no vertical motion, experience little or no turbulence. 

Figure 6.1.  Basic Cloud Types. 

 

6.3.2.  In addition to cloud family descriptions, different prefixes and suffixes are added to 

create descriptions of combination-type clouds. For example, the prefix nimbo or the suffix 

nimbus, meaning ñrain cloud,ò is added to the name of precipitation producing clouds. Thus 

a rain-producing stratiform cloud is called nimbostratus, while a developing cumulus 

growing into a thunderstorm is referred to as cumulonimbus. Heights of the various cloud 

types are illustrated in Figure 6.2 
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Figure 6.2.  Cloud Heights. 

 

6.4.  Low Clouds. 

6.4.1.  Low clouds consist of stratus, stratocumulus, and cumulus. Cloud bases range from 

the surface to about 6,500 feet AGL. Clouds forming below 50 feet and extending to the 

surface are classified as fog. During the summer, low clouds are almost entirely water 

droplets. During colder weather, these clouds may consist of ice crystals or supercooled 

water droplets and may therefore cause icing conditions hazardous to aircraft. A brief 

description of each low cloud follows. 

6.4.1.1.  Stratus (ST) is a low, uniform, sheet-like cloud (Figure 6.3). Stratus clouds tend 

to be between a couple hundred to thousands of feet thick and produce only drizzle, ice 

prisms, or ice crystals. When associated with fog or heavier precipitation, stratus clouds 

often become mixed with nimbostratus clouds, which are discussed later. Stratus clouds 

often present problems by causing low ceilings and restricted visibilities. A slowly lifting 

fog layer often becomes stratus clouds before dissipation. Finally, fog formed over water 

bodies and driven inland by onshore winds becomes stratus. While stratus clouds indicate 

stable flying conditions, extended flying through stratus clouds with temperatures below 

freezing can cause hazardous icing conditions. 

Figure 6.3.  Stratus Clouds (ST). 
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6.4.1.2.  Stratocumulus (SC) clouds appear as large, globular masses or rolls which look 

like dirty gray cotton balls (Figure 6.4). They often result from a layer of stable air lifted 

and mixed by wind blowing over rough terrain. Stratocumulus also forms from the 

breaking up of a stratus layer and from the spreading out of cumulus clouds. Ceilings and 

visibilities are generally higher with stratocumulus clouds than in stratus. 

Figure 6.4.  Stratocumulus Clouds (SC). 

 

6.4.1.3.  Cumulus (CU) clouds form as warmed ñblobsò of air rise and visibly condense. 

They can also form as a cold air mass warms as it passes over a warmer surface. 

Relatively flat bases, dome-shaped tops, and a cauliflower appearance characterize 

cumulus (Figure 6.5). Fair weather cumulus indicates a shallow layer of instability. 

Expect some light turbulence and no significant icing or precipitation. If cumulus clouds 

continue to vertically develop, they become towering cumulus and can eventually 

become cumulonimbus clouds. 

Figure 6.5.  Cumulus Clouds (CU). 

 

6.5.  Middle Clouds. 

6.5.1.  In the middle cloud family are altostratus, altocumulus, and nimbostratus clouds. In 

the middle latitudes, middle cloud bases range from about 6,500 feet to about 20,000 feet 
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AGL. These clouds may be composed of ice crystals, water droplets, and/or supercooled 

water droplets. The middle cloud family has the most variation of the four families and 

contains a few of the most dangerous clouds, notably the altocumulus standing lenticular and 

rotor clouds which indicate the likelihood of moderate to severe turbulence. Therefore, 

accurate recognition can be crucial to flight safety. 

6.5.1.1.  Altostratus (AS) are relatively uniform gray to blue sheets covering the entire 

sky (Figure 6.6). Altostratus will signal the arrival of a warm front or approaching storm 

by appearing as a thinly veiled, whitish-gray sheet. The sunlight dimly shines through 

this higher altostratus cloud deck as though shining through frosted glass. The altostratus 

usually becomes thicker or lowers until the sun gradually disappears and assumes a 

grayer, uniform appearance. Light precipitation usually will form in lower altostratus 

clouds. Aircraft experience little or no turbulence but may experience moderate icing in 

this type of cloud. 

Figure 6.6.  Altostratus Clouds (AS). 

 

6.5.1.2.  Altocumulus (AC) white or gray patches of solid cloud (Figure 6.7). 

Altocumulus also can be composed of both water and ice crystals of varying 

compositions. These clouds are associated with many types of approaching frontal 

systems and often signal a change in the weather in the next few hours. Altocumulus 

develops from dissolving altostratus or lifted cumulus. Altocumulus clouds can appear as 

layered cells and also be encountered at differing altitudes. 

6.5.1.2.1.  Note:  Altocumulus clouds aligned in rows parallel with mountainous 

terrain usually signal turbulence. Aligned altocumulus cloud patterns can be spotted 

on visible satellite imagery and should be treated with utmost respect. A particularly 

dangerous variety of altocumulus is the altocumulus standing lenticular (ACSL). It is 

discussed in the Special Cloud Types section of this chapter. 
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Figure 6.7.  Altocumulus Clouds (AC). 

 

6.5.1.3.  Nimbostratus (NS) is a gray or dark, extensive cloud layer accompanied by 

continuous precipitation (Figure 6.8). This cloud is classified as a middle-cloud, although 

it generally extends downward into the low cloud ranges. Nimbostratus appears as dense, 

threatening clouds, and often produces nearly continuous periods of precipitation. When 

precipitation becomes heavy, the bases of nimbostratus clouds become obscured and 

affect cloud measuring equipment making the ceiling difficult to determine. Nimbostratus 

clouds can vertically extend in a continuous cloud layer from a couple hundred feet AGL 

up to 20,000 feet or more. Flight visibility is considerably reduced in heavy precipitation. 

Ragged cloud shreds underneath nimbostratus clouds are called stratus fractus. This 

particular variety of stratus often accompanies strong low level wind conditions and often 

extends below the observed ceiling. 

Figure 6.8.  Nimbostratus Clouds (NS). 

 

6.6.  High Clouds. 

6.6.1.  Cirrus, cirrostratus, and cirrocumulus--the cirriform clouds--are the most common 

upper level clouds. These cloud bases range from about 16,000 to 45,000 feet in mid-

latitudes. The upper limit of these clouds may be as high as 60,000 feet in the tropics. Since 

cirriform clouds are composed of ice crystals, they do not present a significant icing hazard. 

Thick cirriform clouds can affect air refueling operations by restricting in-flight visibilities. 
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6.6.1.1.  Cirrus  (CI) clouds are thin, feathery clouds in patches or narrow bands (Figure 

6.9). Clouds arranged in bands or connected with cirrostratus or altostratus may be a sign 

of approaching bad weather. Wispy cirrus appearing to have trailing tails or looking like 

ñmares tailsò indicates upper level wind direction and relative speed. Note: Cirriform 

clouds can also indicate the presence of a jet stream (see Chapters 5 and 9).The tail is 

formed by precipitating ice crystals falling into slower moving, lower level winds thus 

forming the ñtailò appearance. 

6.6.1.1.1.  Cirrus clouds often extend from the upper part of thunderstorms or 

cumulonimbus clouds in what is known as the cirrus anvil. They can blow away from 

the main cloud, or the main portion of the cloud may evaporate, leaving only the ice 

crystal top portion. Cirrus clouds herald incoming bad weather or indicate that stormy 

weather is still several hundred miles away. 

Figure 6.9.  Cirrus Clouds (CI). 

 

6.6.1.2.  Cirrostratus  clouds are thin, whitish cloud layers appearing as a sheet or veil 

(Figure 6.10). The ice crystals composing cirrostratus may produce halos. Sunshine will 

appear slightly dimmed through cirrostratus clouds. Gradually thickening cirrostratus will 

eventually transition into high level altostratus clouds. Classic cirrostratus usually signals 

the approach of a warm front within 12 to 24 hours. Since cirrostratus occur only in 

stable layers, expect little to no turbulence. Icing, if any, is light and normally poses no 

significant hazards. 
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Figure 6.10.  Cirrostratus Clouds (CS). 

 

6.6.1.3.  Cirrocumulus  (CC) clouds are thin, closely-spaced, individual elements, 

appearing as small cotton balls (Figure 6.11). This cloud may result from the lifting of a 

shallow unstable layer, but more often develops from a layer of cirrostratus and consists 

primarily of ice crystals. Heat loss by radiation occurs from the top of the cirrus layer, 

and the cooler air sinks into the cloud, setting up shallow convective currents within the 

layer. Large layers of cirrocumulus can form the so-called ñmackerel sky.ò Cirrocumulus 

signals upper level instability and can precede thunderstorms by up to 12 hours. Expect 

some turbulence in cirrocumulus. 

Figure 6.11.  Cirrocumulus Clouds (CC). 

 

6.7.  Clouds With Extensive Vertical Development. 

6.7.1.  Clouds in the extensive vertical development family are towering cumulus and 

cumulonimbus. Their bases range from the low to middle categories and their tops up 

through the high category. These cloud types are treated separately because of their 

significance to flying operations. 
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6.7.1.1.  Towering Cumulus (TCU) is an important variety of the cumulus cloud. It is a 

transition type cloud between the fair weather cumulus and the eventual cumulonimbus 

(CB) cloud. Not all towering cumulus clouds become cumulonimbus but towering 

cumulus does indicate the potential for further vertical development (Figure 6.12). 

Towering cumulus clouds signal changes in atmospheric stability from stable to unstable. 

Carefully watch for rapidly growing towering cumulus clouds because it indicates an 

unstable atmosphere with thunderstorms probable within minutes. The towering cumulus 

is usually accompanied by turbulence and icing. TCUs are significant enough to be 

reported by weather technicians in their official observations when located at a manual 

observing station. 

Figure 6.12.  Towering Cumulus Clouds (TCU). 

 

6.7.1.2.  Cumulonimbus (CB). Cumulonimbus clouds are large, dense, towering clouds 

with cauliflower-like tops. The mature cumulonimbusô top portion is often flattened into 

the classic anvil shape or consists of a cirrus formation (Figure 6.13). Water droplets 

form the major portion of cumulonimbus, but ice crystals appear in the upper portions. 

6.7.1.2.1.  Note:  Cumulonimbus and thunderstorm are synonymous terms. 

Cumulonimbus results in strong winds, lightning, and potentially heavy rains. A well 

developed cumulonimbus can spawn hail and tornadoes. Dangerous wind shears are 

often encountered with strong updrafts and downdrafts associated with thunderstorm 

activity. An expanded review of this well respected cloud is treated in Chapter 13. 

6.7.1.2.2.  Aircrew Note.  Isolated towering cumulus or cumulonimbus seldom 

presents a flight problem since these clouds can be circumnavigated. But when these 

clouds rapidly develop into groups or lines of cumulonimbus, they become great 

flying hazards and difficult to circumnavigate. They may also become imbedded and 

hidden in stratiform clouds, resulting in hazardous instrument flight conditions. 

Associated turbulence and icing dangers always may affect safety of flight. Avoid 
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flying near or under cumulonimbus. (See Chapter 13, Thunderstorms, Lightning, and 

Associated Hazards). 

Figure 6.13.  Cumulonimbus Cloud (CB). 

 

6.8.  Other Clouds. 

6.8.1.  Altocumulus Standing Lenticular (ACSL) clouds form on the crests of waves 

created by barriers in the wind flow (Figure 6.14). Condensation in the waveôs ascending 

portion forms the cloud. In the waveôs descending portion, the cloud evaporates. Thus, the 

cloud appears not to move although very strong winds can blow through it. Avoid these 

clouds, since their presence is a good indicator of severe turbulence. (See Chapter 9, 

Mountain Wave Turbulence.) 

Figure 6.14.  Altocumulus Standing Lenticular (ACSL). 

 

6.8.2.  Rotor clouds form on the lee side of mountains. Rotor clouds look like a line of small 

cumulus clouds parallel to the mountain (Figure 6.15). The rotor cloud gives visible clues to 
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probable turbulence associated with mountain wave activity. Aircrews may encounter 

extreme turbulence in the vicinity of rotor clouds. Chapter 9, Mountain Wave Turbulence, 

contains further descriptions. 

Figure 6.15.  Rotor Clouds. 

 

6.8.3.  Contrails or condensation trails are clouds formed (Figure 6.16) in an aircraftôs wake 

when the moisture content of the air at a particular temperature exceeds a critical amount. 

This condition can be attained by two methods: (1) adding water vapor from an external 

source (exhaust contrails), or (2) changing the temperature and pressure of the air so that the 

resulting mixture is saturated (aerodynamic contrails). Jet aircraft produce contrails by both 

methods. A jet engine consumes large quantities of fuel and emits a large amount of water 

vapor forming the engine exhaust contrails. Engine exhaust contrails form when water vapor 

in the exhaust gas mixes with and saturates the air in which the aircraft flies. Winter is the 

season of maximum exhaust contrail formation, since cold air reaches saturation faster than 

warm air. A change in altitude or power setting may eliminate exhaust contrails. If the 

aircraft is flying through a dry, stable environment, contrails will either be short lived or fail 

to form at all. Aerodynamic contrails result from the rapid movement of air over the wings 

and body of the aircraft momentarily reducing air pressure. This reduction allows the 

surrounding moisture to condense, forming a contrail until the pressure increases and 

stabilizes. 

6.8.4.  Aircrew Note. 

6.8.4.1.  In a tactical environment, contrails highlight an aircraftôs position. Of course, 

this seriously degrades the effectiveness of aircraft missions during combat operations. 

During mission planning, ask the forecaster about the likelihood of contrail formation 

and the altitudes expected for contrail formation. Reporting contrails on a pilot report 

(PIREP) alerts other aviators to their existence. 
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Figure 6.16.  Contrails. 
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Chapter 7 

AIR MASSES 

7.1.  Understanding of Air Masses.  An understanding of air masses helps aircrews anticipate 

certain kinds of flying weather associated with particular air masses. Certain air masses are more 

prone to develop persistent cloudiness and shower activity while other air masses generally have 

clear skies and few flying hazards. For example, if an air mass is of arctic origin, it will usually 

have little moisture content and have strong temperature inversions relatively close to the Earthôs 

surface. Summertime continental polar air masses from Canada are quite refreshing after an 

extended bout of maritime tropical ñhazy, hot, and humidò weather. Tropical air masses have 

much higher moisture content and higher average temperatures from the surface to the 

tropopause. Whether an air mass forms in a dry desert region or a moist maritime region also 

determines flying weather conditions. Collisions between two differing air masses result in a 

variety of weather along fronts. Letôs examine air masses in closer detail. 

7.2.  Air Mass Types. 

7.2.1.  A detailed worldwide air mass analysis is beyond the scope and space of this 

handbook. This section presents a general description of common air masses affecting the 

continental United States. The same kinds of source region conditions also characterize air 

masses which affect Europe and Asia. 

7.2.1.1.  Continental polar (cP): Air stagnating over northern continental regions forms 

continental polar or continental arctic (cA) air masses. They are cold and dry, with little 

moisture. Their source region is very stable. 

7.2.1.2.  Maritime polar  (mP): Form over northern oceanic areas. Generally, they are not 

as cold as cP air masses (especially in winter), have higher moisture content, and can be 

either stable or unstable. 

7.2.1.3.  Maritime tropical  (mT): Form over warm oceanic areas near 30°N latitude in 

the high-pressure cells. Has high moisture content and is stable in its source region. When 

moving over land in the summer, maritime tropical air becomes unstable due to the 

warmer temperatures over land.  This results in hot and humid conditions with afternoon 

thunderstorm development during periods of maximum heating.  Meanwhile, when 

moving over land in the winter, maritime tropical air will tend to stabilize due to the 

cooler temperatures over land.  This results in foggy and/or stratiform conditions. 

7.2.1.4.  Continental tropical  (cT): Forms over desert or high plateau regions. These air 

masses are hot, dry, and unstable. Due to the absence of water vapor, they produce few 

showers. When precipitation forms, it tends to be high-based thunderstorms with virga 

and/or short, intense showers which can cause flash flooding and strong, damaging 

winds. 

7.3.  Air Mass Modification.  

7.3.1.  Just as an air mass tends to take on the temperature and moisture properties of its 

source region, it also modifies when moving to a new location. The modification processes 
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affect air mass moisture and stability and ultimately determine the predominant air mass 

weather. The degree of air mass modification is dependent on the following factors: 

7.3.1.1.  The speed at which it travels. 

7.3.1.2.  The terrain of the region it moves over. 

7.3.1.3.  The temperature difference between the new surface and the air mass. 

7.3.1.4.  The depth of the air mass. 

7.3.2.  When a cold air mass flows over a warmer surface, heat flows from the ground to the 

air. Convective currents carry the heat to higher and higher levels. This results in the air mass 

becoming more unstable. The convective process mixes the air, reducing the temperature 

differences between the land surface and the air mass. The following analogy will illustrate 

the convective process. If a large pan of water is heated on a stove, the heated water rises to 

the top of the pan. As long as direct heat is applied to the pan, the heated water distributes the 

heat by mixing with its environment while rising to the water surface. The warmer water has 

become unstable and will rise because the rising water is attempting to equalize the pan water 

temperature. The locally warmed pockets of rising water are thermals and closely simulate 

the atmosphereôs actions. Locally warmed parcels of air will also rise, producing thermals. 

Thermals are simply rising convective air currents which allow heat transfer to take place and 

can visually be seen as cumulus clouds. Thermals can also cause light turbulence in the lower 

levels. 

7.4.  Air Mass Modification by Terrain.  

7.4.1.  Terrain changes will also modify an air mass within a relatively short distance. Water 

vapor can be added to the lower layers of an air mass due to evaporation from water surfaces; 

lakes, rivers, swampy terrain, falling liquid precipitation, or sublimation from ice or snow 

surfaces. Elevation differences can deplete air of moisture as the air is forced up the sloping 

terrain. The sharpness of terrain differences determines the extent of air mass modification. 

Gently forced air, such as moist air circulating northward from the Gulf of Mexico into Texas 

and Oklahoma, can produce extensive stratus cloud shields. The stratus cloud shields can 

gradually move north until reaching as far as eastern Nebraska and Kansas, Iowa, Illinois and 

southern Minnesota. Air forced up mountain slopes often results in clouds on the windward 

side. Precipitation and cloud cover amounts widely vary from the windward side of 

mountains compared with the leeward side. On the windward side, as air condenses releasing 

moisture, the unstable air eventually rises on its own and is forced down-slope on the leeward 

side (Figure 7.1). This air, heated by compression, is much warmer and drier resulting in a 

cloud free area. The persistent cloud free area on the leeward side of mountain ranges is 

called the rain shadow effect. The stability of an air mass determines its typical weather 

characteristics. 
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Figure 7.1.  Sinking Air Increases Stability, can Create Inversion. 

 

7.5.  Air Mass Stability. 

7.5.1.  When an air mass flows over a colder surface, heat transfers from the air to the 

ground. This cooling from below increases the air massôs stability. If the air cools to its dew 

point, stratus and/or fog form. There is no limit to how stable an air mass can become. 

Prolonged cooling in the lower layers can set up conditions so stable that daytime heating 

cannot overcome the extreme stability and there will not be any convective currents. Many 

locations in the United States are favorable for stable air to become entrenched and stagnate. 

Local topography helps maintain stability by trapping stable air and not allowing circulation 

or drainage. Haze, fog, stratus, and smog can form in the cooled air and restricted ceilings 

and visibilities can remain for weeks. A few notorious western locations are the Sacramento 

and San Joaquin Valleys of California and Oregonôs Medford Valley. Some of the worst air 

pollution cases have also resulted from air stagnation. The Los Angeles basin, industrial 

cities in England, and some Mediterranean cities are favorable for thick smog formation. 

Normal upward convective currents cannot penetrate the inversion, so smoke, automobile 

exhaust and other pollutants spread out laterally butting against the mountains. Extreme cases 

of air stagnation can reduce slant visibilities to l/2 mile or less with horizontal visibilities not 

much better. Another common situation develops when advection stratus and fog forms in 

the cooling, stable air. Advection stratus and fog forms over a water source and moves over 

land areas; many parts of England, Newfoundland, and the southeastern coast of China 

experience this fog problem. In the United States, it frequently happens along much of the 

Pacific Coast, in the southeastern United States, and along the lee shores of the Great Lakes 

and other large water bodies. 

Table 7.1.  lists typical characteristics of stable and unstable air masses, assuming that 

sufficient moisture is available. 

Table 7.1.  Air Mass Weather Characteristics Based on Stability and Moisture. 

STABLE AIR MASS UNSTABLE AIR MASS 

Stratiform Clouds and 

Fog Cumuliform Clouds 

Continuous 

Precipitation Showery Precipitation 

Smooth Air Rough Air, turbulence 

Fair to Poor Visibility Good Visibility (except in precipitation, blowing sand, or snow) 
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Chapter 8 

FRONTS 

8.1.  Introduction.   When most people think of weather, they think of common weather 

forecaster terms such as cold fronts, warm fronts, and high or low pressure systems with the 

associated weather. Weather programs focus on frontal weather for good reason. Active weather 

is concentrated along fronts. The term ñfrontò was coined in the early 1920ôs by Scandinavian 

meteorologists who found it advantageous to discuss active weather using the military analogy of 

opposing armies meeting at the battle front. 

8.2.  Fronts.  are boundaries between air masses with temperature and density differences 

(Figure 8l.). The boundary or contrast zone between two differing air masses is called a front 

with the air mass on the Earthôs surface called the surface front. The frontal zoneôs shape is 

determined by the frontal zone type and the extent of air mass differences. Generally, active 

weather is focused along and on either side of a surface front. Likewise, most aviation weather 

hazards are also found in the vicinity of fronts. In the mid-latitudes, fronts usually form between 

tropical and polar air masses. Frontal Zones, normally many miles in width, are most easily 

detected when the air masses have vastly different properties (e.g., cold, dry air from Canada 

colliding with warm, moist air from the Gulf of Mexico). Frontal zones are more difficult to 

locate over data sparse regions like the ocean, mountains and between highly modified air 

masses. Advances in satellite imagery processes and interpretation have helped meteorologists 

better locate frontal systems. Meteorological satellite imagery is indispensable in data sparse 

regions. If a flying unit is deployed to a data sparse region, the meteorologist can use satellite 

imagery as the only tool to locate fronts and other active weather boundaries. Figure 8.2 shows 

an excellent example of a frontal system sprawling thousands of miles from the parent low 

pressure system located in the North Atlantic.  The associated cold front, warm front, and 

occluded front are drawn. 

Figure 8.1.  Frontal Zone. 
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Figure 8.2.  Satellite Picture of a Cyclone in the North Atlantic. 

 

8.3.  Types of Fronts. 

8.3.1.  There are four basic types of fronts: warm, cold, stationary and occluded. Warm and 

cold fronts are classified according to how the temperature of the air mass compares to the 

surface temperature over which the air mass passes. A stationary front generally occurs 

between two high pressure systems and normally is a former moving front which lost 

momentum and stalled. Occluded fronts result from either a faster moving warm or cold front 

overtaking a slower moving front with the surface-based colder air forcing the warmer air 

aloft. On surface analysis charts, fronts are designated with color-coded lines; red for warm 

fronts, blue for cold fronts, purple for occluded fronts, and alternating red and blue for 

stationary fronts. For black and white surface charts, designs (pips) on the line indicate the 

front type and point in the direction the front is moving. Triangle shaped pips designate cold 

fronts while half-circle shaped pips designate warm fronts. Mixtures of the pip arrangements 

indicate either stationary or occluded fronts with stationary fronts designated with alternating 

triangle and half-circle pips on both sides of a front. Occluded fronts use purple colored pips 

with both pips on one side of the front. Figure 8.3 shows what the above fronts look like on a 

surface chart. 
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Figure 8.3.  Types of Fronts. 

 

8.3.2.  Typical or ñclassicò weather patterns precede and follow fronts as they move through 

an area. Approaching warm fronts are often preceded by an orderly procession of high 

clouds, middle clouds, and finally the extensive lower clouds (Figure 8.4). Additionally, 

weather typically associated with particular fronts may vary according to geographic 

location. For example, the northernmost portion of a wintertime cold front can have snow 

showers while the southern portion of the same front can spawn severe thunderstorms. 

Figure 8.4.  Warm Front Clouds. 

 

8.4.  Identifying a Front.  

8.4.1.  Temperature change is one of the most easily recognized features when locating a 

front because it changes the most. When flying through a front, aircrews notice significant 

changes in temperature, especially at lower altitudes. The rate of temperature change is an 

indicator of a frontôs intensity. Abrupt and sizable temperature changes often accompany 

strong (narrow) fronts. Gradual and minor changes characterize weak or diffuse fronts. 

Temperature changes are more pronounced in the lower levels than the upper levels. Thus, 

for flight safety reasons, update the altimeter setting as often as practical when flying near a 

front. The dew point temperature gives a practical measure of an air massesô moisture 

content. The dew point and temperature/dew point difference varies across a front. The 

ñdifference,ò called the dew point depression, is the difference between the free air 

temperature and the dew point temperature. The dew point depression helps identify the front 

and gives a clue to the potential for cloudiness and fog. The smaller the dew point 
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depression, the more moisture an air mass possesses and it becomes more likely that 

condensation will occur. 

8.4.2.  When speaking of dew point temperature changes we must remain representative of 

the seasonal changes.  Summer dew point temperatures will ultimately be higher than winter 

dew point temperatures.  Remember that when the dew point temperature and the ambient 

temperature are nearly equal, the column of air will become saturated. Both temperatures and 

dew points are relatively higher behind warm fronts and often result in considerable 

cloudiness and restrictions to visibility. In the summer, higher dew points are a good 

indicator of showers and potentially strong thunderstorm development. When monitoring a 

potentially explosive thunderstorm situation, weather forecasters often focus on the dew 

point temperature. If the value is above 65
o
F, the potential for strong thunderstorm 

development is quite high. In wintertime, higher dew points indicate the potential for snow, 

freezing rain, ice pellets, and rain. Higher dew points aloft indicate a potential for icing 

hazards. This combined with air mass stability determines the type and severity of icing. 

8.5.  Frontal Passage. 

8.5.1.  Frontal passage is evidenced by marked changes in wind direction and speed at the 

Earthôs surface and aloft. Wind speed is often variable in direction and usually produce 

higher prevailing winds and stronger gusts behind a cold front. Other times, the wind speed 

may approach calm until the actual frontal surface passes through your location. Steady 

southeasterly, southerly or southwesterly winds precede cold frontal passage with the 

strongest pre-frontal winds observed just before cold frontal passage. Cold fronts are 

accompanied by gusty westerly, northwesterly to northerly winds. Again, wind strength is a 

function of the pressure gradient and differences in the air mass densities. The greater the 

difference, the stronger the winds will be. When flying from warm to cold air, the wind speed 

increases abruptly since wind speeds are generally greater in a cold air mass. 

8.5.2.  A front lies in a pressure trough, an area of lowest surface barometric pressure, with 

the pressure higher on either side of the trough. Thus, the pressure usually decreases when a 

front approaches and rises after the front moves through. The rate of barometric pressure 

change often accelerates as a front moves through. The change rate can be quite dramatic, up 

to 0.10ò Hg change per hour or more, especially when flying in the vicinity of strong winter 

storms! Keep an eye on your altimeter and make sure itôs current! 

8.6.  Cold Front. 

8.6.1.  A cold front is the leading edge of an advancing cold air mass. Colder air overtakes 

and wedges underneath the warmer air forcing the warmer air aloft. Surface friction slows 

the air in contact with the surface, creating a bulge in the frontal slope. This tends to give the 

front a steep slope near its leading edge (Figure 8.5). Cold frontal slopes average about 1:80 

miles. This means that 80 miles behind the frontôs surface position, the frontal boundary is 

about one mile above the ground. A steep sloped front (1:40), results in a narrow band of 

active weather while a shallower sloped front (1:100), results in a wide band of weather. 
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Figure 8.5.  Fast Moving Cold Front Runs Under Warmer Air. 

 

8.6.2.  Cold fronts may be accompanied by dramatic weather changes and hazardous flying 

weather. Figure 8.2 is an example of what a cold front, warm front, and occluded front 

would look like on a surface chart. There are two types of cold fronts: fast moving (Inactive 

front) and slow moving (active front). In extreme cases, fast moving cold fronts can move at 

50 kts, but normally average between 25-35 kts. The slow moving cold fronts average 10-20 

kts. Cold fronts usually move faster in winter than in summer and are dependent upon the jet 

stream strength and movement for surface speed. 

8.6.3.  During winter, the cold front will dramatically affect those airfields in the vicinity of 

water bodies downwind from the front. As a cold front with its colder, drier air, picks up 

moisture from the unfrozen water bodies, the lower-level, moisture-laden air will precipitate 

as snow as the air is forced to climb higher terrain. When you are flying through a cold 

frontal surface, the wind shift may be abrupt, and some form of heading change is generally 

required. The wind shift occurs at the location of air mass penetration rather than at the 

surface front. Cold fronts slope ñbackò towards colder air. This means that when youôre 

flying through a frontal surface, frontal passage will not be apparent at the same place it 

would be if you were on the ground (Figure 8.6). If you use the standard frontal slope ratio 

of 1:80, you will be approximately 80 miles on the cold air side of the surface front before 

encountering the cold air one mile up in the atmosphere. This means if you are flying directly 

towards the cold front from the ñbackò side of the front, you will pass through the upper cold 

front approximately 80 miles before you pass over the surface front. When cold fronts move 

with moderate or rapid speed, the active weather band is generally less than 50 miles. 

Ceilings and visibilities will quickly decrease usually coinciding with the onset of 

precipitation. If the front is a slow-moving cold front, the area of low ceilings and visibility 

may be extensive enough to seriously affect flight operations for several hours. Even with 

slow moving cold fronts, the frontal precipitation band is usually relatively narrow (as 

compared to a warm front). This is particularly true if the precipitation is showery in 

character. 
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Figure 8.6.  Wind shifts Associated with Flight Level Cold Frontal Boundaries. 

 

8.7.  Squall Lines. 

8.7.1.  Under certain atmospheric conditions, a squall line composed of thunderstorms may 

develop 50 to 200 NM ahead of and parallel to a fast moving cold front. If a squall line does 

develop, little activity usually occurs at the cold front. Thunderstorms along a squall line are 

frequently similar to those along a cold front, but may be more violent. The cloud bases are 

often lower and the tops higher than with most other thunderstorms. The most severe 

conditions (large hail, damaging winds, and tornadoes) are generally associated with squall 

line thunderstorms. Squall lines are usually most intense during the late afternoon and early 

evening hours just after maximum daytime heating. Squall lines usually form rapidly, and 

sometimes a series will develop ahead of the cold front. Squall lines form when cold air 

downdrafts flowing ahead of the cold front lift warm, unstable air. The uplifted air develops 

its own updrafts and downdrafts and starts the thunderstorm development cycle. As the 

thunderstorms continue development, a squall line will form, often moving quickly attaining 

forward speeds of up to 50 knots. Eventually the squall line loses its momentum and energy 

and dissipates after a several hour life cycle. Sometimes a new squall line reforms and moves 

through approximately the same location of the dissipating one. Figure 8.7 illustrates the 

squall line formation process. While squall lines frequently accompany cold fronts, the 

existence of a front is not a prerequisite. Squall lines may accompany low pressure troughs or 

lines where sea breezes converge against mountain barriers. Squall line flying hazards 

include turbulence (possibly extreme), wind shear, thunderstorms, lightning, heavy rain, hail, 

icing, and possibly tornadoes. Other hazards are the strong, variable, gusty, low level winds 

(wind shear) at the surface, around and under the thunderstorms and sudden altimeter setting 

changes. The altimeter can change 0.06 to 0.12ò Hg in a matter of minutes. For an example 

of a squall line seen on radar, see Figure 8.8. 
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Figure 8.7.  Formation of a Squall Line. 

 

Figure 8.8.  Squall Line on RADAR. 
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8.8.  Warm Front.  

8.8.1.  A warm front is the edge of an advancing warm air mass; that is, warmer air 

overtaking and replacing colder air. Since cold air is denser than warm air, the cold air is 

slow to retreat in advance of the overriding warm air. This produces a warm frontal slope that 

extends ahead of the surface front and has a more gradual slope. Warm frontal slopes usually 

average about 1:200 mi. If the advancing warm air is moist and stable, stratiform clouds 

develop as shown in Figure 8.9. Precipitation increases gradually with the approach of this 

type of warm front and usually continues until it passes. If the advancing warm air is moist 

and unstable, as shown in Figure 8.10, altocumulus and cumulonimbus are embedded in the 

cloud masses normally accompanying the front. The presence of embedded thunderstorms 

may often be unknown to aircrews until they are encountered. Precipitation in advance of the 

front is usually showery with periods of steady light rain. The widespread precipitation ahead 

of a warm front is often accompanied by low stratus and fog. In this case, the precipitation 

raises the moisture content of the cold air until saturation is reached. This produces low 

ceilings and poor visibility covering thousands of square miles. When rain begins to fall from 

warmer air above the front into the colder air below the frontal surface, ragged clouds (stratus 

fractus) form in the cold air. These ominous looking clouds can cause very low ceilings and 

often obscure higher terrain. Steady precipitation will provide a constant source of moisture 

allowing the low stratus clouds to continuously form. Ceilings are often in the 300 to 900-

foot range during steady, warm frontal rain situation. Just before the warm front passes your 

station, ceilings and visibilities can drop to zero with drizzle and fog. The worst conditions 

often occur in the winter when the ground is cold and the air is warm: the best scenario for 

dense fog and low ceilings. 

Figure 8.9.  Warm Front and Moist Stable Air.  
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Figure 8.10.  Warm Front and Moist Unstable Air.  

 

8.8.2.  Depending on the depth and temperature of the cold layer below the warm layer, you 

could experience drizzle, rain, freezing drizzle, freezing rain, ice pellets, snow, or a 

combination of these. Wintertime warm fronts produce the greatest variety of precipitation 

types. Figure 8.11 shows the various precipitation types in a wintertime warm front when 

temperatures are near freezing. Some of the heaviest snowstorms form when warm air glides 

over the colder air as a warm front approaches. With a strong low pressure system, the 

pressure gradient is strong enough to force large scale movements of air in both the vertical 

and horizontal directions. As warmer, moist air rises and condenses heavy snowfalls can 

result, often lasting for several hours. Many an airport has been closed for long periods of 

time due to heavy snowstorms associated with warm fronts. If the warm front is warm 

enough and advances close to your location, the heavy snow will gradually transition to ice 

pellets and rain before changing to all rain. Aloft, conditions are ripe for formation of 

moderate to severe clear icing and rime icing. On the ground, conditions may be favorable 

for extended bouts of freezing rain reducing braking action, runway condition readings 

(RCR), to ñ06ò or less! Obtain the freezing level from your weather briefer and be observant 

when flying around and above the freezing level. The weather forecaster can generally 

forecast when icing potential is likely. 

8.8.3.  Unfortunately, pinpointing exact locations of icing formation is very difficult. In 

Figure 8.11, snow falls from the part of the cloud with freezing temperatures below the 

cloud. Rain will fall from the portion of the cloud which is above freezing, but if it falls 

through a layer of cold air it becomes supercooled and will freeze on contact with any cold 

object creating freezing rain. As you fly through this region, the type of precipitation you 

experience in the air will not necessarily match that falling on the ground. The form of the 

precipitation reaching the ground depends on the thickness or depth of the cold air and warm 

layers above that point on the ground. There is a relatively narrow transition zone between 

the snow and the freezing rain area. In the upper portion of this zone there is a mixture of 

freezing rain and snow, in the lower levels there is a mixture of snow and ice pellets. 

Therefore, when flying toward the front in the lower levels of the cold air mass, you may 

meet snow, snow and ice pellets mixed, and then freezing rain, in succession. At higher 

levels, but still in the cold air, you will not encounter ice pellets. The sequence of 
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precipitation will be reversed if you are flying from the warm to the cold air mass. Warm 

front icing conditions and other icing scenarios are covered in Chapter 11. 

Figure 8.11.  Precipitation Types in Wintertime Warm Frontal Zone. 

 

8.8.4.  Whether you fly through a warm front with stable or unstable air, the clouds gradually 

descend from near 20,000 feet to 6,500 feet or lower. From the thick altostratus clouds, 

intermittent light precipitation may be encountered. If the altostratus deck is still quite high, 

this precipitation may not reach the ground. As flight is continued, the altostratus-

altocumulus deck will lower and the precipitation will increase in intensity. Passage into the 

warm air mass will be indicated by a rise in temperature and a wind shift, even though the 

magnitude of this wind shift will be fairly small above 10,000 feet. The wind shift will occur 

at the frontal boundary, which may not coincide with the surface frontal position. Warm 

frontal wind shift and its effects on your flight are as follows: 

8.8.4.1.  The outside air temperature rises when you have passed through the frontal 

surface from the cold air side to the warm air side. 

8.8.4.2.  The wind shift requires an alteration to the right, no matter which way you are 

flying through the front. 

8.8.4.3.  The wind shift will be most noticeable in the lower levels, especially below 

5,000 feet. 

8.8.5.  While flight through the lower levels of warm front isnôt completely smooth, a 

turbulence problem arises when cumulonimbus clouds are embedded in the mainly 

nimbostratus cloud deck. The flight planning difficulty is that embedded thunderstorms may 

be scattered throughout the seemingly solid cloud decks and you have no way of knowing 

exactly when or where you will encounter storms. If you must fly through IMC weather, use 

all available resources (ATC, on board radar, etc.) to avoid embedded thunderstorms. 
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8.8.6.  Warm fronts have a very shallow slope of approximately 1:200 miles and the air mass 

generally doesnôt extend as far up in the atmosphere as a cold air mass. The time to be 

concerned about warm frontal wind shear is 6 to 12 hours prior to a warm frontal passage 

(while the airfield is still in the cold air) and an hour after warm frontal passage. 

8.8.7.  On the north side of warm frontal surfaces, especially in the vicinity of low pressure 

centers, low level convergence can cause surface winds to exceed 20 to 40 knots. When 

flying south through the warm frontal slope, winds can shift to the south-southwest with 

speeds up to 40 to 50 knots, usually from near ground level to approximately 5,000 feet 

AGL. If the pressure gradient is strong, the transition from northerly component winds to 

southerly component winds can be abrupt. This strong low level wind pattern is called the 

ñlow level jet stream.ò This is the same wind pattern which is often associated with a 

potential for severe weather. When penetrating this low level jet stream, you can experience 

large changes in headwind or tailwind components below 1,000 feet AGL. Often low level 

significant weather charts will forecast light to moderate turbulence with this situation. 

8.9.  Stationary Front. 

8.9.1.  Sometimes, opposing forces exerted by adjacent air masses are such that the frontal 

surface between them shows little or no movement. In such cases, surface winds tend to blow 

parallel to the front rather than against or away from it. This is called a stationary front, since 

it does not move and neither air mass replaces the other. Figure 8.12 depicts a stationary 

front on the surface weather chart. 

Figure 8.12.  Stationary Front as Shown on Surface Weather Chart. 

 

8.9.2.  Although there is no movement of the surface position of the stationary front, there 

still is movement of air toward the front from either side of it. Warmer air will move towards 

it generally from the south while colder air from the north will also move towards the front. 

The clash of the two air masses will cause an active weather band to develop. The stronger 

air mass controls the angle of the air flow in relation to the frontôs surface position, the 

strength of the up-gliding wind, and determines the inclination of the frontal slope. Fronts 
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moving less than 5 kts are called either quasi-stationary or stationary. Weather conditions 

occurring with stationary fronts are similar to those found with warm fronts but are usually 

less intense. One annoying feature of the stationary front is that the weather pattern may 

persist and hamper flights for several days. Stationary fronts can also be the focus of heavy 

precipitation events and can result in local flooding over a period of time. 

8.10.  Frontal W aves. 

8.10.1.  Frontal waves are primarily the result of the interaction of two air masses; they 

usually form on slow-moving cold fronts or stationary fronts. During stage A of Figure 8.13, 

the winds on both sides of the front blow parallel to the front. Small disturbances in the wind 

pattern, as well as uneven local heating and irregular terrain may start a wave-like bend in the 

front (B). These disturbances are not obvious on the weather chart. If this tendency persists 

and the wave increases in size, a counterclockwise (cyclonic) circulation starts to form. One 

section of the front begins moving as a warm front, while the section next to it begins moving 

as a cold front (C). This deformation area is called a frontal wave. As the pressure at the peak 

of the frontal wave falls a low-pressure center forms. The cyclonic circulation strengthens, 

and the winds begin moving the fronts. The cold front moves faster than the warm front (D). 

Figure 8.13.  Frontal Wave and Occlusion. 

 

8.11.  Occlusions. 

8.11.1.  When the cold front over takes the warm front, the two of them occlude.  During this 

stage of development the cold front pushes the warm air aloft resulting in an occlusion (E) or 
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the blocking or cutting off of the warm air from the Earthôs surface. This is the time of 

maximum intensity for the wave cyclone.  The occluded front will exhibit characteristics 

from both the cold front and warm front. This reason is why the weather symbol depicting an 

occlusion is depicted as a combination of the symbols and colors of the warm and cold 

fronts. The low pressure area at this stage will continue to deepen up to 12 to 24 hours, and 

the frontal movement will slow as the occlusion continues to grow in length, (F).  During the 

dissipation or dissolving stage the low pressure center of the system becomes cut-off and the 

remnants of the occlusion begin to disappear (G). At this point, a new frontal wave may 

begin to form at the location of the triple point of the occlusion (where the cold front and 

warm front meet) or along the long westward-trailing portion of the cold front (G) that has 

elongated and become more stationary.  Figure 8.14 shows the development of an occlusion 

depicted on a map with the corresponding cross section profile to show how an occlusion is 

portrayed in the vertical. 

Figure 8.14.  Occlusion Development and Cross- Profile. 

 

8.11.2.  There are two types of occluded fronts: warm and cold occlusions. The portion of the 

occluded front which intersects the Earthôs surface determines whether the occlusion is a 

cold or warm occluded front.  In a cold occlusion, the air mass overtaking the warm front is 

colder than the cool air ahead of the warm front, and plows under both air masses. In a warm 

occlusion, the air mass overtaking the warm front is not as cool as the cold air ahead of the 

warm front, and rides over the colder air mass while lifting the warm air.  Figure 8.15 shows 
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an examples of a cold frontal occlusion and a warm frontal occlusion. The figure also shows 

the relative positions of the cold air, cool air and warm air portions of the occlusion. The 

location of the occlusion is significant to aircrews because the most severe weather 

(including low ceilings and visibilities) is generally located in an area 100 NM south to 300 

NM north of the frontal intersection. 

Figure 8.15.  Frontal Occlusion Profiles. 

 

8.11.3.  Since occlusions result from one frontal system overtaking another, occlusions 

combine the weather of both warm and cold fronts into one extensive system. A line of 

showers and thunderstorms typical of cold fronts merges with the warm frontôs low ceilings. 

Precipitation and low visibilities are widespread on either side of the occlusionôs surface 

position. In addition, strong winds occur around an intense low pressure center at the 

occlusionôs northern end. Aircrews should be aware of rapidly changing weather conditions 

in occlusions and that changes are most dramatic during the initial stages of development. If 

you are flying toward an approaching occlusion, the cloud pattern is very similar to that of a 

warm front. However, the weather is more complex because part of the occluded weather is 

characteristic of a cold front. If you approach an occlusion from behind, the cloud structure 

may resemble a cold front, but the effects on flight are different. In addition to the problems 

associated with a cold front, there are the problems of the extensive cloud deck which may 

lie ahead of the base of the warm air. If flight is conducted through the system at such an 

altitude that you pass below the base of the trough, you would expect one wind shift. If you 

fly at higher altitudes, there will be two wind shifts because you must pass through two 

frontal surfaces (see Figure 8.6). 

8.11.4.  Aircrew Notes. 

8.11.4.1.  Be extremely cautious when flying in the vicinity of rough terrain around 

frontal boundaries. Surface-based directional and speed changes can be quite abrupt and 
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terrain dependent. For instance, surface winds funneled down valleys result in stronger 

than expected wind speeds when the winds spill out over a nearby airfield. 

8.11.4.2.  Strong winds moving perpendicular to mountain tops will enhance mountain 

wave turbulence conditions during and after frontal passage. 

8.11.4.3.  Be especially alert for wind shear. Rapid changes in wind speed and/or 

direction create wind shear, which is extremely hazardous especially when departing or 

approaching an airfield.  For example, winds at 220 degrees at 10 knots immediately 

ahead of cold front may be displaced by winds 330 degrees at 20 knots gusting to 30 

knots behind the cold front. Wind shear is further discussed in Chapter 10. 

8.11.4.4.  Crosswinds are another hazard frequently experienced with frontal passage. 

Runway orientation is the key in determining whether or not you will experience sudden 

crosswinds. An in-depth discussion of wind hazards follows in Chapter 9. 
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Chapter 9 

TURBULENCE 

9.1.  Introduction.   Turbulence is one of the most unexpected aviation hazards to fly through, 

and one of the most difficult hazards to forecast. Severe and extreme turbulence have been 

known to cause extensive structural damage to B-52s, with lesser cases resulting in compressor 

stalls, flameouts, and injury to crew members and passengers. From minor bumps to severe 

mountain wave turbulence, it comes in many forms and is usually worst during the winter 

months. The National Transportation Safety Board estimates that turbulence accounts for 

approximately 71% of all weather-related accidents and incidents involving aviation. The cost to 

U.S. airlines due to injuries, cabin and aircraft damage, flight delays, and time lost to inspection 

and maintenance is substantial, with estimates in the $150-$500 million per year range. 

9.2.  Turbulence Causes. 

9.2.1.  Turbulence is caused by abrupt, small-scale variations in wind speed and direction. 

Upper level turbulence is associated with variations in the jet stream winds. It is mainly 

found in curved jet stream segments associated with troughs, ridges, closed upper level lows, 

and rapidly developing surface lows. Classifying turbulence intensity is difficult and is often 

a function of a pilotôs flying experience and how much the pilot has been exposed to 

turbulence. In addition, the flierôs assessment of turbulence is influenced by the length of 

time and the severity of the turbulence. Most of all, the type of aircraft and the aircraftôs 

speed and weight determines how a crew will experience turbulence. Severe turbulence 

reported by a C-172 may be light to occasionally moderate when experienced by a C-5 crew. 

9.2.2.  Aircrew Note. 

9.2.2.1.  The above problem is further complicated because air turbulence clues arenôt 

plentiful, occur at infrequent intervals, and are often reported at widely separated 

locations. Thus, forecasters are very dependent on timely, accurate pilot reports 

(PIREPs). In fact, it may be your turbulence report which triggers a weather service 

turbulence advisory for your fellow fliers. Always include your aircraft location, time, 

turbulence intensity, flight level, aircraft type, and duration of turbulence when providing 

a PIREP. 

9.3.  Categories of Turbulence. 

9.3.1.  Turbulence is categorized as light, moderate, severe and extreme. Each category is 

defined in terms which are perceived by the pilot in terms of effects on the aircraft and its 

occupants. Weather forecasters use moderate or greater when forecasting turbulence on their 

hazard charts. The weather community intends for turbulence reports to be used in two 

important ways: (1) pilot reports of turbulence received from one type of aircraft are to be 

used to predict how the pilot of another similar aircraft will experience the same turbulence 

and (2) Air Force weather briefers are to brief forecasted turbulence in a manner that will 

allow them to present these same turbulence categories to the pilot. This allows consistency 

in transmitting turbulence information and allows aviators to anticipate a particular level of 

forecasted turbulence. 
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9.3.2.  Because of the different effects of turbulence on different types of aircraft, the DOD 

Flight Information Handbook, Section C, lists turbulence reporting categories. The tables are 

based on intensity, aircraft reaction, and the reaction within the aircraft. 

9.3.2.1.  Light turbulence: Momentarily causes slight, erratic changes in altitude and/or 

attitude (pitch, roll, and yaw). 

9.3.2.2.  Light chop: Slight, rapid and somewhat rhythmic bumpiness without appreciable 

changes in altitude or attitude. 

9.3.2.3.  Moderate turbulence: Similar to light turbulence but of greater intensity. 

Changes in altitudes and/or attitude occur but the aircraft remains in positive control at all 

times. It usually causes variations in indicated airspeed. 

9.3.2.4.  Moderate chop: Turbulence similar to light chop but of greater intensity and 

causes rapid bumps or jolts without appreciable changes in aircraft altitude or attitude. 

9.3.2.5.  Severe turbulence: Causes large abrupt changes in altitude and/or attitude. It 

usually causes large variation in indicated airspeed. Aircraft control becomes very 

difficult. 

9.3.2.6.  Extreme turbulence: Aircraft violently tossed around with control virtually 

impossible. There are large, sudden changes in altitude and/or attitude. Extreme 

turbulence may cause structural damage. 

9.4.  Causes of Turbulence. 

9.4.1.  Knowledge of turbulence causes and formation locations help you to minimize your 

exposure to turbulence or avoid it altogether. This chapter discusses the following turbulence 

types: 

9.4.2.  Convective Turbulence: Caused by alternating currents of warm air rising and cooler 

air descending. 

9.4.3.  Mechanical Turbulence: Caused by wind flowing over irregular terrain or 

obstructions, or by a marked change in wind speed or direction over a short distance. 

9.4.4.  Mountain Wave Turbulence: Caused by air blowing perpendicular across the top of a 

mountain range. 

9.4.5.  High Altitude Turbulence: Variations in wind speed and direction principally in the 

vicinity of the jet stream and occurs above 10,000 feet. This is commonly called clear air 

turbulence (CAT) because of scant, visible evidence of its existence. 

9.4.6.  Wake Vortex Turbulence: Generated by every aircraft in flight at its wing tips. 

9.5.  Effects on Aircraft. 

9.5.1.  Turbulence causes a variety of effects on aircraft ranging from gentle jostling to 

structural damage. Another important aspect of turbulence is that it can produce adverse 

effects on the aircrew. Aviation medicine and human factor research has shown that a severe 

turbulence environment can cause a compromise of aircrew performance in the following 

ways: 

9.5.2.  Delays decision time. 
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9.5.3.  Produces involuntary control movements which may not be obvious to the aircrew. 

9.5.4.  Produces sensory illusion. 

9.5.5.  Makes reading instruments difficult. 

9.6.  Convective Turbulence. 

9.6.1.  Convective currents usually cause turbulence, especially at low altitudes. These 

currents are localized vertical air movements, both ascending and descending. For every 

rising current, there is a compensating downward current. The downward currents occur over 

a broader area than the rising currents, therefore having a slower vertical speed than the 

rising currents. Convective currents are most active on warm summer afternoons with light 

winds. Heated surface air rises creating a shallow, unstable layer. As surface heating 

increases, convection increases in strength and rises to greater heights. Barren surfaces such 

as sandy or rocky wasteland and plowed fields become hotter than open water or ground 

covered with vegetation (Figure 9l). The uneven heating of the surface results in rising and 

sinking air currents. Because of this, the strength of the convective currents varies 

considerably within short distances. Figures 9.2 and Figure 9.3 illustrate this effect on an 

aircraft approaching an airport. Winds and light turbulence that develop in hilly and 

mountainous terrain due to differential heating are of particular importance for light aircraft, 

helicopters, and low-level operations. In mountainous areas where the performance of some 

fixed wing aircraft or helicopters is marginal, the location of upslope and down-slope winds 

can be critical. As air moves upward, it cools as the convective current continues upward, 

continually cooling, until it reaches a level where its temperature is the same as the 

surrounding air. If it cools to saturation, a cloud forms. Aircrews should associate cumulus 

and cumulonimbus clouds with thermal turbulence. Turbulence may be light to moderate in 

or beneath the clouds, but the air is generally smooth above them (Figure 9.4). If the air is 

too dry, aircrews may have no turbulence indications until they encounter it. Just be aware of 

convective turbulence during sunny, hot, dry days. Aircraft response to turbulence varies 

with turbulence intensity and aircraft characteristics such as airspeed, weight, design, wing 

loading, and pilot technique. At higher speeds, turbulence places more stress on aircraft and 

aircrew alike. At slower airspeeds, aircraft control is reduced and becomes more sluggish. To 

minimize the effects of convective turbulence, fly above the turbulent layer, tighten your seat 

belt and shoulder harness, and fly the turbulence airspeed recommended by your Dash 1. 
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Figure 9.1.  Strength of Convective Currents varies with Composition of Surface. 

 

Figure 9.2.  Updrafts May Cause Pilots to Overshoot. 
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Figure 9.3.  Downdrafts May Cause Pilots to Undershoot. 

 

Figure 9.4.  Avoid Convective Currents by Flying Above Cumulus Clouds. 

 

9.7.  Mechanical Turbulence. 

9.7.1.  Mechanical turbulence occurs when air near the surface flows over rough terrain or 

other obstructions. Obstacles such as trees, buildings, hills, and mountains transform the 

normal wind flow into a complicated snarl of eddies (Figure 9.5). These eddies are carried 

along with the general wind flow; their size and extent affects the flying characteristics of 

aircraft. The degree of mechanical turbulence depends on the roughness of the terrain or 

obstructions, wind speed, and air mass stability. The higher the wind speed or the rougher the 

surface, the greater the turbulence intensity will be. Unstable air allows larger eddies to form, 

but the instability breaks up these eddies more quickly, while in stable air they dissipate 
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slowly. Wind variability near the ground is an extremely important consideration during 

takeoff and landing, especially for light aircraft. Strong, gusty winds have caused many 

aircraft accidents. Aircrews landing at airports where large hangars or other buildings are 

located near the runways should be alert for formation of turbulent wind eddies as shown in 

Figure 9.6. If the wind is light, eddies tend to remain as rotating pockets of air near the 

windward and leeward sides of the buildings. If the wind speed exceeds about 20 knots, the 

flow may be broken up into irregular eddies which are carried a sufficient distance 

downstream to create a hazard in the landing area. The IFR en-route supplement should 

describe crosswind and turbulence problems as appropriate in the remarks section of the 

airfield entry. For example, Offutt AFB has in their remarks section ñapch end turbulence 

and hi variable crosswinds dur S to SW sfc windsò. 

9.7.2.  When winds blow across rugged hills or mountains, the resulting turbulence may 

increase as the wind speed increases. Exercising caution is necessary when crossing 

mountain ranges under strong wind conditions. Severe downdrafts can be expected on the lee 

side as illustrated in Figure 9.7 These downdrafts can be dangerous and can place an aircraft 

in a position from which it may not be able to recover. Aircrews should allow for this 

condition when approaching mountain ridges against the wind. If the wind is strong and the 

ridges pronounced, pilots should cross obstructions at higher than normal altitudes. It is 

important to climb to the crossing altitude well before reaching the mountains to avoid 

having to climb (or, what is worse, trying unsuccessfully to climb) in a persistent downdraft. 

Attempting to cross at a lower altitude will also subject the aircraft to much greater 

turbulence and sudden crosswinds caused by winds blowing suddenly parallel to the valley 

instead of the prevailing direction. When the wind blows across a valley or canyon, a 

downdraft occurs on the lee side, while an updraft results on the windward side (Figure 9.8). 

If flight through the canyon is required, the safest path is to fly near the side of the pass or 

canyon, on the updraft side, which affords an upslope wind, since additional lift is provided. 
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Figure 9.5.  Surface Obstructions Cause Eddies and Other Irregular Wind Movements. 

 

Figure 9.6.  Buildings Near Landing Areas May Cause Turbulence. 
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Figure 9.7.  Wind Flow over Mountain Ranges Produces Turbulence. 

 

9.8.  Terrain Turbulence. 

9.8.1.  If the wind blows across a narrow canyon or gorge, it will veer down into the canyon 

(Figure 9.8). Turbulence will be found near the middle and downward side of the canyon or 

gorge. Aircrews should exercise caution during flight on the downwind side of narrow 

canyons, because winds may cause rates of descent which exceed the aircraftôs ability to out-

climb. 

Figure 9.8.  In a Valley or Canyon, Safest Path is on Upslope Wind Side. 
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9.8.2.  The mountains funnel winds into passes and valleys, thus increasing wind speeds and 

intensifying turbulence. Funnel winds blow out of mountain valleys and toward flat areas, 

reaching speeds of up to 80 knots and creating hazardous shear and turbulent conditions. 

Figure 9.9 illustrates the funnel wind effect. In this case, the terrain is such that the wind is 

channeled through a narrow space where it is accelerated and then spills out into the flight 

path of aircraft as happens at Hill AFB, UT. This creates low-level wind shear that is 

different in origin from the wind shear associated with downbursts and microbursts. 

Figure 9.9.  Winds Funneled through Mountain Valleys Create High Winds. 

 

9.9.  Mountain Wave Turbulence. 

9.9.1.  When stable (non-convective) air blows across a mountain range, a phenomenon 

known as mountain wave turbulence may occur. A wave condition usually develops when a 

component of wind flowing perpendicular to the top of the mountain exceeds 25 knots and an 

inversion exists within 2,000 feet of the mountain top. Although the actual wind direction can 

vary somewhat and still cause a wave, the strongest waves occur with a strong, perpendicular 

flow. The waves, which resemble ripples formed downstream from a rock in a swiftly 

flowing river, remain nearly stationary while the wind blows through them. The 

characteristics of a typical mountain wave are shown in Figure 9.10. Waves such as these are 

commonly associated with high mountain ranges, but it has been established that any 

mountain range or ridge line is capable of producing wave phenomena. 



AFH11-203VI  12 JANUARY 2012   93  

Figure 9.10.  Typical Cloud Formation, Main Updraft and Downdraft in Mountain Wave.  

 

9.9.2.  The most dangerous features of the mountain wave are the extreme turbulence and 

very high velocity updrafts and downdrafts on the lee side of the mountain range. In some 

cases, associated areas of updrafts and downdrafts may extend up to 70,000 feet and as far as 

300 miles downstream from the mountain range. The amplitude and intensity of the waves 

decrease the further downstream they occur. 

9.9.3.  While clouds are usually present to warn aircrews of mountain wave activity, it is 

possible for wave action to take place when the air is too dry to form clouds. If the 

descending branch of wave activity immediately to the lee of the mountain range is 

characterized by dry air that is warming rapidly via compression, cloud free areas known as 

foehn gaps may occur downwind of the mountains.  These are often evident in satellite 

imagery, and will appear as a clear area just to the lee of the mountain range where the phase 

of the mountain wave is neutral.  Foehn gaps are indicators of potentially severe turbulence. 

9.9.4.  Key wave turbulence cloud types are cap clouds, rotor clouds, and altocumulus 

standing lenticular clouds. Characteristic cloud forms, peculiar to wave action, still provide 

the best means for identifying the presence of the wave. The weather forecaster can use 

satellite imagery to locate visible turbulence cloud signatures such as those evident in Figure 

9.11. Clouds aligned parallel with mountain ranges signal the presence of turbulence and 

extend hundreds of miles downstream. 






































































































































































































































































