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Introduction




When a pilot is preparing for a flight, one of the fundamental decisions they must make is to determine if the weather conditions are safe to fly in. Aircraft of all sizes are at the mercy of the elements, but private pilots operating smaller aircraft are most vulnerable. Unlike commercial airliners that primarily fly above the weather, the private pilot operates at lower altitudes where the weather is more volatile. Unfortunately, many weather conditions can be unforgiving, and if a pilot flies into hazardous weather the consequences can be fatal. Hazardous weather conditions come in many forms; from a towering thunderstorm that can toss an aircraft around like it is in a washing machine, to thick fog in which pilots will struggle to see just a few feet in front of the aircraft. However, some of the most dangerous weather conditions are those that are difficult to see, such as windshear and turbulence which can occur even on the sunniest of days.



This book explores a wide range of weather conditions that are essential for pilots to master in order to operate an aircraft safely. We will begin with the basic components of the weather and combine them to explore a range of hazardous weather conditions. We will then take a step back, and look at large-scale weather systems before touching on climatology. In the final chapters we will focus on weather reports and forecasts; how to read and assess a range of weather information to allow pilots to make sound decisions when conducting a flight.

The weather has always been a major threat to pilots. In the early days of aviation, the weather was one of the leading causes of aircraft accidents. With limited weather reports and forecasts available, pilots were frequently caught out by unfavourable weather conditions. From the 1950s, flying became safer, in part due to improvements in weather forecasting and advances in technology such as the weather radar. But despite these improvements, the weather remains a major factor in many aircraft accidents, especially those involving smaller aircraft. Considering the severe consequences that can arise when a pilot flies into unsuitable weather conditions, it is essential to understand the wide range of weather conditions that can influence a pilot’s ability to fly an aircraft safely.



Part I: Basic Components





Chapter 1: The Atmosphere




The atmosphere is the layer of gases that surround 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 of the atmosphere also happens to be where most of the weather is found. In this chapter, we will see that as pilots stray higher in the atmosphere, various properties begin to change, such as temperature.

Structure of the Atmosphere


The atmosphere is made up of a series of different layers, with the bottom two (the troposphere and stratosphere) the most important for pilots. We can see in Figure 1.1, 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 1000 ft (3.6ºF per 1000 ft).





Figure 1.1: The atmosphere 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 ft. 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 ft, where the outside air temperature would be around -45ºC (-49ºF). At about 36,000 ft, 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. Initially the air temperature will remain constant with increasing altitude, before starting to increase. The stratosphere stretches well beyond the reach of all commercial airliners, even the Concorde, which cruised at around 60,000 ft. There are still several more layers of the atmosphere (e.g., Mesosphere, Thermosphere), but these are beyond the scope of aviation weather.


Troposphere and Tropopause


The troposphere is the most important layer that we must consider. Most of the earth’s weather occurs in the troposphere and it 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 will arrive at the tropopause a lot sooner, typically around 20-30,000 ft, as shown in Figure 1.2. 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 ft.





Figure 1.2: Variation in tropopause height from the poles to the equator


As shown in Figure 1.2, the average tropopause height of 36,000 ft (-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. Although this may sound odd, this is because the air has a shorter vertical distance to cool down at 2ºC per 1000 ft. 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.

Gases in the Atmosphere

If we take a closer look at what is contained within the air in the atmosphere, we find the vast majority of the gases have very little consequence to aviation weather. At sea level, a volume of dry air contains a mixture of gases; nitrogen contributes the largest proportion at 78%, oxygen contributes 21%, with the final 1% made up from 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. These have two important consequences; some of these gases trap temperature 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 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 vapour. The amount of water vapour 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 vapour in the air varies widely and air’s ability to hold water vapour is directly related to air temperature. Cooler air can hold very little water vapour, resulting in water vapour only contributing 1-2% of a volume of air. Warmer air can hold up to 6-8% of water vapour. This has important consequences on a number of hazardous weather conditions; from the severity of aircraft icing to the amount of rain that can fall from a cloud.


For the private pilot, who normally flies below 10,000 ft, these tropopause heights and the gas makeup may seem pointless. However, they can significantly influence the weather conditions at the surface.  The tropopause acts like a lid to the weather in the troposphere. For example, 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 vapour can produce larger (taller) and more powerful storms, and we will explore these in more detail in later chapters.



Chapter 2: Temperature




Temperature is one of the fundamental components in aviation weather, with large variations in temperature experienced around the world. When large masses of air of different temperatures slam into each other we get some of our most hazardous weather conditions. 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 influence temperature at a given location.

Temperature Measurement and Units

Temperature can be measured in a range of units, however, the most common unit used in aviation is degrees Celsius (ºC). Pilots regularly obtain temperature observations for each flight, such as the temperature at a departure aerodrome. Outside of aviation weather, temperature is a critical factor for aircraft performance calculations (e.g., take-off distance). Therefore, accurate and reliable temperature measurements are required, which is largely achieved using a Stevenson screen. This box-like structure is usually located at the aerodrome, measuring temperature and other parameters about 1.2 metres (4 ft) above the ground. 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.

Solar and Terrestrial Radiation


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 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 2.1. Due to the curvature of the earth, the 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.





Figure 2.1: Solar radiation is concentrated near the equator and spread-out near the poles



As solar radiation approaches the atmosphere, a number of items interfere with its journey to the earth’s surface. Some solar radiation is absorbed by the ozone layer (primarily ultraviolet radiation). This absorption is partly responsible for the general warming in the upper stratosphere, where the ozone layer is found. Some solar radiation is reflected off cloud tops and the earth surface (e.g., snow, water) or scattered by particles in the air (e.g., dust, pollutants), as shown in Figure 2.2. 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 atmosphere is warmed from below.





Figure 2.2: Factors that influence the incoming solar radiation (which warms the surface) 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 is more solar than terrestrial radiation over a 24-hour period, hence the warmer summer temperatures. In winter, with the long 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. Conduction from ground-to-air works reasonably well but conduction from air-to-air is less effective. Note 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. Convection helps transfer energy higher in the atmosphere, as shown in Figure 2.3. 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.





Figure 2.3: Conduction allows a warm surface to warm the air above by touch. Convection moves warmer air higher due to the lower density in the warmer 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. Cold advection occurs 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 occurs when warm air travels towards colder areas (e.g., tropical air moving towards the poles), and can create low clouds, fog and drizzle.





Figure 2.4: Cold advection can create thunderstorms and rain showers, whereas warm advection can create low cloud, fog and drizzle


Variation in Surface Temperature


Although large-scale energy transfer is important to understand aviation weather, for a pilot sitting in an aircraft about to taxi out for a flight, the greater concern is how the temperature may change during that flight. Local temperature variations are 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 tend 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 energy as shown in Figure 2.5. 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.





Figure 2.5: Clear nights results in cooler temperatures, increasing the risk of fog and frost. Cloudy nights trap in energy, resulting in warmer temperatures



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 aerodromes near water have low variations in temperature through a 24-hour period. On the other hand, sandy surfaces require very little energy to warm up, and heat up very fast during the day, which is why walking on a sandy beach with bare feet can be unbearable on a hot day. Of course, they also lose this energy quickly, resulting in large variations in day and night time temperatures. Different surfaces will also naturally reflect or absorb energy differently, known as the surface’s Albedo. A snowy surface will reflect most incoming solar radiation (high Albedo), whereas a dark runway or road surface will absorb most incoming solar radiation (low Albedo).


Reporting Temperature

Pilots can obtain an accurate temperature reading 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 (e.g., METAR). Weather reports are generally in coded formats, which we will explore throughout this book. Figure 2.6 provides two examples of METARs; London (Heathrow) and Los Angeles; in both cases, the temperature is reported in degrees Celsius.




Figure 2.6: Two METARs (weather observations) with the temperature at each aerodrome highlighted 




Chapter 3: Atmospheric Pressure




Atmospheric pressure is a fundamental component in the formation of the main weather systems (e.g., high and low pressure systems), furthermore, changes in atmospheric pressure will determine if a pilot can expect a nice gentle breeze or a raging gale. Atmospheric pressure also plays a key role in helping pilots remain safely above the terrain. The altimeter, which is one of the most important cockpit instruments a pilot will use, measures atmospheric pressure to indicate the altitude of the aircraft. Incorrect pressure settings on the altimeter can have grave consequences.
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