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

 










































































































































































































































































































































































