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Chapter 1: Introduction
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Advances in technology and aircraft design have allowed aircraft to push the limits of operating in hazardous weather conditions, but aircraft of all sizes are still at the mercy of the elements. Some weather conditions can be unforgiving, and if a pilot pushes the limits too far, the consequences can be grave. Hazardous weather conditions come in many forms; from icing, which can turn an aircraft into an ice block in a matter of minutes, to large hailstones that can come crashing through the windscreen. However, some of the most dangerous weather conditions are those that are difficult to detect, such as strong and shifting winds when the aircraft is trying to land.
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Figure 1.1: Hazardous weather conditions come in many forms.


This book explores a wide range of meteorological conditions, starting with the fundamental components. We will begin by exploring the atmosphere, which acts like a giant machine with many moving parts. We will then see that the basic components of temperature, pressure and water vapor are critical parts of the atmosphere. Any minor changes in these components will have a considerable impact on the weather conditions. We will then combine many of these basic components to explore a range of hazardous weather conditions. We will see that pilots often encounter many hazardous weather conditions during a flight, even on a nice sunny day. Next, we will explore large-scale weather systems that pilots often encounter. These systems drive much of the weather, such as fronts, airmasses and tropical storms. The final few chapters are some of the most important a pilot must master – weather reports and forecasts. Pilots will encounter unique weather conditions on every flight. It is a pilot’s job to ensure they obtain the most up-to-date weather information and remain vigilant for any unexpected changes.

Mastering the subject of meteorology is not just about hazardous weather conditions. Pilots can also utilize their knowledge of the subject to get the most out of a flight. Selecting an altitude with a stiff tailwind will help you reach your destination quicker, saving precious time and money. Picking a route that stays clear of turbulent conditions will provide a more pleasant flying experience, which no doubt your passengers will appreciate.
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Figure 1.2: Pilots can utilize their knowledge of meteorology to select the most appropriate route for a flight.


Improvements in weather forecasting and advances in technology, such as the weather radar, have allowed pilots to make better weather-related decisions. However, meteorology is an imperfect science, with some weather conditions like thunderstorms and fog very difficult to predict accurately. As a result, pilots will need to utilize their knowledge of meteorology to tackle any unexpected challenges during a flight. Considering the severe consequences that can arise when a pilot flies into unsuitable weather conditions, it is essential to understand the wide range of meteorological factors that can influence a pilot’s ability to fly an aircraft safely.



Chapter 2: The Atmosphere
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The atmosphere is like a big blanket of air that surrounds the earth. Although the atmosphere stretches up to the boundary of space, almost all flights operate in the tiny portion of the atmosphere near the surface. This tiny portion also happens to be where most of the weather is found. The atmosphere acts like a big machine, with air moving up and down, and sideways within the atmosphere. This movement plays a significant role in the weather conditions pilots can encounter. In this chapter, we will focus on the structure and the properties of the atmosphere. We will see that as pilots stray higher, various properties begin to change.

Structure of the Atmosphere


The atmosphere is made up of a series of different layers, with the bottom two (the troposphere and stratosphere) being the most important for pilots. We can see in Figure 2.1, that the first layer is the troposphere, which begins at the surface. On average, the surface temperature at sea level is 15ᵒC (59ᵒF), and as we leave the earth’s surface, the air temperature normally reduces at a rate of about 2ᵒC per 1,000 feet (3.6ᵒF per 1,000 feet).


[image: ]


Figure 2.1: The layers and temperature trends in the lower atmosphere.



The surface temperature is not always 15ᵒC and we will see shortly how variations of surface temperature influence the vertical extent of the troposphere. The limit of most small aircraft (unpressurized) is about 10,000 feet. If you popped outside at this point you would find the air temperature had reduced to -5ᵒC (23ᵒF). A typical cruising level for a commercial airliner is about 30,000 feet, where the outside air temperature would be around -45ᵒC (-49ᵒF). At about 36,000 feet, where the air temperature is a cool -56.5ᵒC (-70ᵒF), the air temperature suddenly stops reducing and remains constant with any further increase in altitude. This brings us to the upper limit of the troposphere which is known as the tropopause. If we continue to climb past the tropopause, we enter the second layer of the atmosphere, the stratosphere, which we will explore in more detail shortly. There are still several more layers of the atmosphere (e.g. mesosphere, thermosphere), but these are beyond the scope of this book.


Troposphere and Tropopause


Most of the earth’s weather occurs in the troposphere, which makes up 75% of the atmosphere’s mass. Large parts of the world experience surface temperatures much colder or warmer than 15ᵒC (59ᵒF), which influences the vertical extent of the troposphere. In cooler areas, such as near the poles, the surface temperature is much cooler, therefore we can say the air is denser. We will cover density in more detail in a later chapter, but this simply means the air molecules are closer together or more compact. If we climbed higher in this cooler, denser atmosphere, we would arrive at the tropopause a lot sooner, typically around 20-30,000 feet, as shown in Figure 2.2. If we now move towards warmer areas, such as near the equator, the opposite occurs. With warmer surface temperatures, the air is less dense, meaning the air molecules are spaced further apart. As a result, it takes longer to reach the tropopause, typically around 50-60,000 feet.
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Figure 2.2: Variation in tropopause height from the poles to the equator.



As shown in Figure 2.2, the average tropopause height of 36,000 feet (-56.5ᵒC) occurs around the mid-latitudes (halfway between the poles and the equator). Near the poles, the tropopause is lower and the temperature at the polar tropopause is relatively warm (about -50ᵒC). Although the warmer tropopause temperature may sound a little odd, this is because the air has a shorter vertical distance to cool down at 2ᵒC per 1,000 feet. The opposite occurs near the equator, with a high tropopause, the air has a long way to cool down, resulting in a cooler tropopause temperature near the equator (about -80ᵒC).


Stratosphere


The stratosphere sits above the troposphere and stretches up to about 160,000 feet (50 km), which is well beyond the reach of all commercial airliners. However, some aircraft may fly in the lower part of the stratosphere, especially flights near the poles, due to the lower tropopause in these areas. The temperature in the lower part of the stratosphere will initially be constant with increasing altitude (which is called an isothermal layer), before starting to increase (known as an inversion). The top of the stratosphere is called the stratopause (the boundary between the stratosphere and mesosphere), where the temperature is almost as warm as sea level. Very little water vapor is found in the stratosphere, which means there is very little cloud formation.



One notable feature found in the stratosphere is the ozone layer. The ozone layer is very important for life on earth, as it protects us from harmful ultraviolet radiation (UV) from the sun. One of the reasons for the increase in temperature in the stratosphere is due to the absorption of UV radiation. The ozone layer usually sits in the lower part of the stratosphere, although its thickness and extent can vary.


Gases in the Atmosphere

If we take a closer look at what is contained within the air in the atmosphere, we would find the vast majority of the gases have very little consequence for meteorology. At sea level, a volume of dry air contains:


	Nitrogen, which contributes the largest proportion at 78% 

	Oxygen contributes 21% 

	The final 1% is made up of a mixture of gases. 





Gases within this final 1% can have a huge impact on the weather conditions and climate in general. Here we find a range of gases, including carbon dioxide and various aerosols. Aerosols are tiny solid particles that are suspended in the atmosphere. They come from a number of different sources, such as volcanic eruptions, dust and human-made (e.g. smoke from burning forests, coal or oil). They have two important consequences in meteorology; some of these gases trap heat in the atmosphere that would otherwise escape, contributing to the general warming trend in the atmosphere. Others can accelerate condensation (e.g. pollutants) which can result in smoggy conditions that are often experienced in some industrial areas around the world.



The final gas that we need to consider is by far the most important for our day-to-day weather – water vapor. The amount of water vapor in the atmosphere can help determine if it is going to be a nice sunny day, or muggy with a threat of thunderstorms. The amount of water vapor in the air varies widely and air’s ability to hold water vapor is directly related to air temperature.



Cooler air can hold very little water vapor, resulting in water vapor only contributing 1-2% of a volume of air.



Warmer air can hold more water vapor, resulting in water vapor contributing 6-8% of a volume of air.  


This has important consequences for a number of hazardous weather conditions; from the severity of aircraft icing to the amount of rain that can fall from a cloud.

The atmosphere plays a key role in many of the weather conditions a pilot may encounter during a flight. This is especially the case with the height of the tropopause, which can significantly influence the weather conditions at the surface. A powerful thunderstorm that towers upwards in the atmosphere will come to a halt around the tropopause. Areas around the world with a higher tropopause (e.g. the equator) and plenty of water vapor can produce larger and more powerful storms. We will now take a look at some of the smaller, yet very important components that influence the weather conditions in the atmosphere, starting with temperature. 



Chapter 3: Temperature and Heat Exchange
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Temperature variations around the world can have a considerable influence on many weather conditions, both big and small. When large masses of air of different temperature slam into each other, several large-scale weather features can form, such as fronts. On a smaller scale, a temperature change of just a few degrees can dramatically alter the weather on the day, such as the extent of icing in a cloud or the risk of fog at an aerodrome. We will see in this chapter there are many factors that can influence temperature at a given location.

Temperature Measurement and Units


Temperature can be reported in a range of units, however, the most common unit used in aviation is degrees Celsius (ᵒC). Even areas around the world that are more familiar with degrees Fahrenheit (e.g. the United States), will usually find degrees Celsius is used to report the temperature in aviation weather reports. The Celsius scale is pretty straightforward, with the freezing point of water 0ᵒC and boiling point 100ᵒC. The other temperature scales are:









	
Fahrenheit (ᵒF)



	
The freezing point of water is 32ᵒF and the boiling point is 212ᵒF.






	
Kelvin (Absolute)



	The freezing point of water is 273K and the boiling point is 373K.








Outside of aviation meteorology, temperature is a critical factor for aircraft performance calculations (e.g. take-off distance). Therefore, accurate and reliable temperature measurements are required, which is achieved using a Stevenson screen. This box-like structure is usually located at an aerodrome, measuring temperature and other parameters about 1.2 meters (4 feet) above the ground, as shown in Figure 3.1. Actual local temperature may vary slightly, for example, an aircraft sitting on a runway on a sunny day will likely experience a warmer temperature due to the runway surface radiating heat.
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Figure 3.1: A Stevenson screen and radiosonde (weather balloon) are used to measure temperature.  



Temperature measurements at various points in the atmosphere are also very important, which can be collected with a radiosonde. In chapter 8 (Atmospheric Stability) we will see temperature change in the atmosphere can have a substantial impact on the weather conditions. Radiosondes gather a range of information about the atmosphere (e.g. temperature, wind, moisture and pressure). A radiosonde is a small instrument package that is connected to a large balloon (collectively called a weather balloon), as shown in Figure 3.1. They are released from various locations around the world (often aerodromes), sometimes several times a day. They rise through the atmosphere at about 1,000 feet per minute whilst sending information back to a ground station. They can remain in the air for over two hours, rising above 100,000 feet before popping and falling back to earth.


Solar and Terrestrial Radiation


Before exploring the two types of radiation that influence the temperature in the atmosphere, we will first take a closer look at radiation. Radiation is the transfer of energy from one body to another. Importantly this transfer does not require a medium to travel through, such as air, which is why radiation from the sun can travel through space. If a body releases radiation, its temperature will decrease. We will see this is why the earth’s surface cools at night. When a body receives radiation, its temperature will increase. The temperature of the body that releases the radiation will determine the radiation’s wavelength, which is very important in determining what objects are able to absorb the energy. 



The sun provides the vast majority of energy that warms the earth, known as solar radiation. As the sun has a very high temperature, solar radiation has a short wavelength and high frequency. These properties result in solar radiation traveling through the troposphere and warming the earth’s surface, which in turn warms the air above. The amount of solar radiation that a particular location receives is related to the current season and latitude. Summer will provide more solar radiation than winter; peaking around the 21st of June in the Northern Hemisphere and around the 21st of December in the Southern Hemisphere (also called the summer solstice). The longer days in summer also assist in enhancing energy transfer. Latitude will help determine whether solar radiation is concentrated or spread out over a given area, known as solar insolation, as shown in Figure 3.2. Due to the curvature of the earth, solar radiation at higher latitudes, such as the poles (90ᵒ latitude) is spread out, therefore limiting the amount of energy a specific area absorbs. Whereas in areas of lower latitudes, such as the equator (0ᵒ latitude), solar radiation is concentrated onto a smaller area, therefore greater energy absorption, leading to warmer temperatures.
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Figure 3.2: Solar radiation is concentrated near the equator and spread out near the poles.


As solar radiation approaches the atmosphere, a number of components interfere with its journey to the earth’s surface, as shown in Figure 3.3. Some solar radiation is:

Absorbed by the ozone layer (primarily ultraviolet radiation)

Reflected off cloud tops and the earth’s surface (e.g. snow, water)

Scattered by particles in the air (e.g. dust, pollutants).


On average about half of the solar radiation that starts off at the top of the atmosphere is absorbed by the surface. It is important to note that solar radiation warms the earth’s surface rather than the troposphere. Once the earth’s surface absorbs the radiation, it will release its own radiation, called terrestrial radiation. Terrestrial radiation is relatively cool compared to the incoming solar radiation, so it is low frequency, long wavelength energy that is being released into the troposphere. These properties allow terrestrial radiation to warm the air above, therefore, we can say the troposphere is warmed from below.
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Figure 3.3: Factors that influence the incoming solar radiation and outgoing terrestrial radiation.


Terrestrial radiation continues to be released day and night, whereas solar radiation is only available during daylight hours. Throughout the year, incoming solar radiation will be balanced by the outgoing terrestrial radiation, but there will be considerable variation throughout the seasons. During summer, there will be more solar than terrestrial radiation over a 24-hour period, hence the warmer summer temperatures. In winter, with the longer nights, solar radiation is less than outgoing terrestrial radiation over a 24-hour period, resulting in cooler winter temperatures.

Warming the Atmosphere


Once the earth’s surface warms up, it can now transfer this energy through three main processes: conduction, convection and advection. Conduction is the transfer of energy through touch; for example, the warm ground touching the air above, as shown in Figure 3.4. Conduction from ground-to-air works reasonably well but conduction from air-to-air is less effective. Conduction is not only the transfer of warmth but cold as well. For example, a cold surface at night cooling the air above, which is an important factor in the formation of fog.
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Figure 3.4: Conduction warms the air above by touch, convection moves warmer air higher due to lower density.



Convection helps transfer energy higher in the atmosphere. Convection is the movement of energy due to density change. When a warm surface warms the air above (through conduction), the air will expand, becoming less dense and rise. As it rises, it will carry its heat higher in the atmosphere. This is the same process that allows a hot air balloon to go up in the atmosphere. To make a hot air balloon go up, the air in the balloon is heated, making it less dense than the surrounding air.



The final process we need to consider is advection. Advection is the horizontal movement of energy and plays an important role in many weather conditions. This horizontal movement is typically caused by the wind, especially the wind flowing around pressure systems (e.g. highs and lows). There are two main types of advection, as shown in Figure 3.5:
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Figure 3.5: Cold advection can create thunderstorms and rain showers, whereas warm advection can create low cloud, fog and drizzle.









	
Cold

Advection



	When cold air travels horizontally towards warmer areas (e.g. polar air traveling towards the equator). This process can create thunderstorms, hail and rain showers.





	
Warm

Advection



	
When warm air travels horizontally towards colder areas (e.g. tropical air traveling towards the poles). This process can create low clouds, fog and drizzle.








Variations in Surface Temperature

Although it is important to understand the meteorology of large-scale energy transfer, for the pilot about to taxi out for a flight, the greater concern is how the temperature may change in the next few hours. Local temperature variation is largely influenced by wind, cloud and surface types.


Wind tends to even out large temperature variations. During a windy day, the cooler air at higher altitudes tends to get mixed with the warmer surface air, resulting in a generally cooler day at the surface. However, on a windless day, limited mixing occurs, resulting in higher day time surface temperatures. Cloud will result in cooler daytime temperatures but warmer night time temperatures. During the day, clouds will reflect incoming solar radiation, but at night clouds act like a blanket, trapping in heat as shown in Figure 3.6. This is important for the formation of fog or frost; a cloudless night allows terrestrial radiation to be released, resulting in cooler night time temperatures.
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Figure 3.6: Cloud cover will affect the night time air temperature.



Different surfaces require a different amount of energy to warm up, known as their specific heat.


Oceans require a large amount of energy to warm up; however, they also retain this energy very well. This means oceans will release a constant amount of energy day and night, resulting in a low variation in air temperature during a 24-hour period.

Sandy surfaces require very little energy to warm up, therefore, heat up very fast during the day. However, they also lose this energy quickly at night, resulting in large variations in day and night time air temperatures.


Surfaces will also naturally reflect or absorb energy, known as the surface’s Albedo. A snowy surface will reflect most incoming solar radiation (high Albedo), whereas a dark surface like a runway or road will absorb most incoming solar radiation (low Albedo).


Reporting Temperature


Pilots can obtain accurate temperature readings from a range of sources. Some aircraft can measure outside air temperature, which is particularly helpful when flying in areas away from aerodromes. Temperature is provided in a range of weather reports, such as a METAR. A METAR is one of the most common types of weather reports a pilot will use and is available at many aerodromes around the world. In its most basic form, a METAR simply informs pilots what the weather is doing at an aerodrome at the time specified, using a coded format. We will explore a number of METARs throughout this book, highlighting how aviation weather information is provided. The coded format is also used in other weather information, such as a TAF (forecast), which we will explore in more detail in chapter 23 (Aerodrome Weather Briefings). Figure 3.7 provides two examples of METARs; London (Heathrow) and Los Angeles; at both aerodromes, the temperature is reported in degrees Celsius.


[image: ]


Figure 3.7: Two METARs (weather observations) with the temperature at each aerodrome highlighted.




Chapter 4: Atmospheric Pressure
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Atmospheric pressure is a fundamental component in the formation of the main weather systems (e.g. high and low pressure systems). These large-scale weather systems will determine if it is going to be a nice sunny day or torrential rain. Atmospheric pressure also plays a key role in wind. How quickly or slowly the pressure is changing will determine if a pilot can expect a gentle breeze or a raging gale.

Pressure Measurement and Units

In simple terms, atmospheric pressure is the weight of the air above a certain point. In aviation, atmospheric pressure is usually measured in hectopascals (hPa) or inches of mercury (inHg), with the average atmospheric pressure at sea level around 1013hPa or 29.92inHg. Pressure can also be expressed in millibars (mb) and millimeters of mercury (mmHg) – which are respectively 1013mb and 760mmHg at sea level. It is common to observe millibars (mb) displayed on weather charts and reports. The conversion to mb to hPa is trivial, 1mb = 1hPa, therefore 1013hPa = 1013mb.

Atmospheric pressure is measured using a barometer, which can either be the mercury or aneroid version:


The mercury barometer works on the principle of mercury moving up or down a tube, as shown in Figure 4.1. A section of the mercury is exposed to the atmospheric pressure, which exerts a force on the mercury. When the atmospheric pressure is high, the mercury rises up the tube, whereas when the atmospheric pressure is low, the mercury will not rise as far. The tube has markings on it to allow the atmospheric pressure to be observed.



The aneroid barometer works on the same principles as the aircraft’s altimeter. A small, sealed capsule is used (a small metal container), which is free to expand and contract. When the atmospheric pressure is high, it will press down on the capsule, causing it to contract (collapse), whereas a low atmospheric pressure will result in the capsule expanding. A mechanical linkage is connected to the capsule that can translate the change in shape to an appropriate pressure reading.
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Figure 4.1: Principles of the mercury and aneroid barometer.


Pressure Gradient

Atmospheric pressure at the surface is continually varying, which is due to:

Passing, intensifying or weakening pressure systems. These pressure systems will be covered in more detail shortly.

Daily temperature changes, which results in a semi-diurnal variation in atmospheric pressure. The change is usually only a couple of hPa and is most noticeable in tropical areas that are less likely to be influenced by passing pressure systems. A slight rise in atmospheric pressure may be observed at about 10 am and 10 pm, and a slight drop at about 4 am and 4 pm.





By gathering atmospheric pressure from a range of locations, it is possible to observe pressure patterns that are very meaningful. When a high atmospheric pressure pattern is present, such as 1024hPa (30.24inHg), we can generally say the area is under the influence of a high, which is also called an anticyclone. A high generally results in fine weather conditions with light winds. When a low atmospheric pressure pattern is present, such as 990hPa (29.23inHg), we can generally say the area is under the influence of a low, which is also called a depression. A low often results in poor weather conditions with strong winds.



Variations in atmospheric pressure have a significant impact on the strength of the wind. Air has a natural tendency to move from high to low pressure. The wind is the result of air trying to equalize between different areas of pressure (e.g. high and low), and the magnitude of the pressure change will determine the strength of the wind. The change in pressure over a horizontal distance is known as a pressure gradient. When the pressure change is very small between two points, it can be said the pressure gradient is weak and as a result, the wind speed is weak, which is more typical in a high. Conversely, if the pressure difference is large between two points, the pressure gradient is said to be strong, therefore strong winds can be expected, which is more typical in a low.
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Figure 4.2: Isobars are lines of equal pressure.



Some weather charts provide a tool in the form of isobars to allow pilots to gauge pressure gradients. Isobars are lines of equal pressure at sea level (iso = equal, bar = pressure). As shown in Figure 4.2, each isobar indicates a specific pressure, and everywhere that line is found, the same pressure can be expected (at sea level). Isobars help to identify pressure patterns, enclosing areas of high or low pressure and are normally drawn at a spacing 4 or 8 hPa apart. The distance between isobars can be a good indicator of the pressure gradient, and therefore wind speed:


Isobars that are close together indicate the pressure is changing quickly, therefore stronger winds can be expected.

Isobars further apart indicate the pressure is changing slowly, therefore weaker winds can be expected


Pressure gradient does not necessarily indicate wind direction. It would seem logical that air would travel directly from high to low pressure. Although this is what air tries to achieve, in most parts of the world, air travels around high and low pressure systems. We will see this is due to Coriolis force which we will cover in more detail in chapter 11 (Wind).


Pressure Systems


A high or anticyclone signifies there is a greater mass of air over a given point. This higher pressure is generally the result of convergence or divergence of air at different levels in the atmosphere. If we looked at a vertical cross-section of a high, as shown in Figure 4.3, we would observe air converging at upper levels, bringing air towards a central point. This air is then forced to descend, which is also known as subsidence, and diverge (move away) near the surface. The high pressure is due to more air entering at the upper levels than can exit near the surface. The subsidence (downward motion) of the air often results in fine conditions, light winds, warm and sunny weather in summer but cool and potentially foggy in winter.
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Figure 4.3: A high (anticyclone) has higher pressure in the center and subsiding (downwards) air.



A low or depression signifies there is less overlying air over a given point, as shown in Figure 4.4. Like a high, the vertical motion of air plays a key role. At the surface, air converges towards a central point, which is then forced to ascend (move upwards), before diverging at upper levels. The low pressure is due to more air exiting at upper levels than can be replaced at the surface. A low generally results in poor weather conditions; windy with plenty of clouds, rain or snow.
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Figure 4.4: A low (depression) has lower pressure in the center and ascending air. 


There are three other pressure systems that we need to be aware of: the ridge, trough and col, as shown in Figure 4.5.
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Figure 4.5: Examples of a ridge (extension of a high), trough (extension of a low) and col (in between highs and lows).









	Ridge 


	An extension of a high and has similar characteristics as a high (anticyclone).





	Trough 


	An extension of a low (depression) and is often located with fronts, which produce plenty of rain or snow.





	Col


	Found in between highs and lows and generally has light winds. A col may also be called a saddle point or neutral point.







Vertical Pressure Change


Climbing higher in the atmosphere will result in less overlying air, reducing the atmospheric pressure, as shown in Figure 4.6. Near sea level, atmospheric pressure reduces by about 1hPa for every 30 feet (or 1inHg per 1,000 feet), which is known as the pressure lapse rate. This means if you climbed 30 feet from sea level the pressure would reduce by 1hPa, at 300 feet the pressure would reduce by 10hPa, and so on.
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Figure 4.6: Pressure changes quickly in the lower part of the troposphere but slows higher in the atmosphere.


Atmospheric pressure changes quickly near sea level, reducing to 750hPa by 8,000 feet. However, higher up in the atmosphere, the rate of pressure change slows down. Half sea level pressure (500hPa) is found around 18,000 feet, where the pressure lapse rate is about 1hPa per 50 feet. Quarter sea level pressure (250hPa) is found around 34,000 feet, where the pressure lapse rate is about 1hPa per 100 feet. We will see in the next chapter that the pressure at various altitudes is critical for accurate altimeter readings.
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