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Chapter 11  Thunderstorms

We have all experienced the dark, threatening skies and sheets of rain that accompany thunderstorms. Flashes of lightning and blinding rain are cliché in horror films to signal some diabolical deed. Along with monsters, severe thunderstorms can produce very destructive weather, including lightning, hail, tornadoes, downbursts, torrential rains, and flooding.  In addition to threatening life, weather associated with thunderstorms may have a significant impact on the environment: flooding may result in severe soil erosion and lightning strikes may start large fires. There are also positive aspects of thunderstorms, such as the beneficial rainfall they bring to large regions of the United States to water agricultural crops.

Thunder and lightning are viewed by many religions as the weapons of the gods expended to provide a warning or a punishment. Thor, the god of storms and combat in Norse mythology, uses his hammer to rule and in so doing generates thunder and lightning.  In medieval times some people thought that ringing church bells could end a thunderstorm.  We know today that such an action during a thunderstorm is not a good idea.  Nor is it a good idea to stand under a tree during a thunderstorm. If you are in the woods it is better to remember the advice offered by the following weather lore: 

Beware the oak,

It draws the stroke;

Avoid the ash,

It draws the flash;

But under the thorn

You'll come to no harm

This chapter discusses the life cycle of thunderstorms and the safety precautions one should take to avoid the hazards they pose.

What is a thunderstorm?

Thunderstorm is a cumulonimbus storm that produces lightning and thunder.
By definition, all thunderstorms must have thunder and lightning. Thunder is a sound wave (Chapter 2) produced by the rapid expansion of air heated by a lightning bolt. Whether or not someone is there to hear it, the sound of thunder is produced whenever lightning occurs. The thunderstorm cloud is almost always a cumulonimbus. Based on Chapter 5 material we can explain the darkening skies associated with thunderstorms–during the day sunlight is scattered out the top and sides of these storms, making them appear bright in satellite visible images and dark when viewed from below.  The darkness coupled with crashes of thunder make thunderstorms ominous storms, even if they do not produce severe weather.

Not all thunderstorms produce tornadoes or large hail. Suggesting that there are different types of thunderstorms, some of which produce more severe weather than others.  Tornadoes, floods, and hail are all very dangerous severe weather conditions (See Figure 11.1). 

We will develop a conceptual model that explains many of the features of a thunderstorm.  To develop the foundation for building a simple model, we first turn to some observations of thunderstorms. Take a moment to write down some of your experiences with thunderstorms you've encountered.

  Observations

If you live in a region that has lots of summertime thunderstorms you probably have observed the following sequence of events.  Prior to the thunderstorm, the weather is hot and muggy and the winds light.  Then the skies darken, you hear thunder and may see lightning. The wind becomes gusty and the temperature suddenly drops. Heavy rains begin abruptly, and if the storm produces hail you will observe it during the beginning of the storm's passage. After the rain ends, the winds weaken and the temperature begins to rise.  As the skies clear, the air feels less humid and, if you are in the right place, you might see a rainbow (see Chapter 5). A simple conceptual model of a thunderstorm must explain the common sequence of events experienced by many people, but also explain the view from a satellite.

Overshooting top is a domed- structure of a thunderstorm that extends above the anvil, often into the stratosphere.
Satellites provide useful observations for studying thunderstorm structure. A sequence of satellite images of a thunderstorm demonstrates their explosive growth (Figure 11.2). The thunderstorm often first appears as a cumulus cloud that is rapidly growing. Note the smooth, spreading cloud layer that comprises the storm anvil. The overshooting top is the cauliflower cloud structure extending above the anvil like a dome.  As the cloud top extends upward, the cloud top temperature appears cold in a satellite infrared image. An anvil forms and quickly spreads outward and downwind. Figure 11.3 is a photograph of a thunderstorm, indicating the overshooting top and the anvil. As we build an idealized conceptual model of a thunderstorm, we will explain the existence of the overshooting top and the anvil.

Rainbows are one of the agreeable effects produced by thunderstorms. A less acknowledged good is the needed rains that most thunderstorms provide to a region.  However, at times thunderstorms produce hazardous weather, such as flooding, tornadoes, and large hail. Floods result when water flows into a water basin faster than can be absorbed or stored within the basin. Floods pose the greatest weather threat to life. On 31 July and 1 August 1976 a flash flood in the Big Thompson Canyon of Colorado killed over 139 people. The flood ensued due to a thunderstorm that produced 12 inches of rain in less than 6 hours in the rocky canyon. This chapter will discuss how thunderstorms generate large amounts of rain capable of flooding a region. 

Tornadoes are another form of severe weather.  They are very dangerous and extremely destructive (Figure 11.4). On 3-4 April 1974 several lines of severe thunderstorms ahead of a cold front resulted in the formation of 148 tornadoes across the Midwest and Great Plains of North America! The Great Plains region of the United States is particularly susceptible to tornadoes. Films such as The Wizard of Oz and Twister are set in Kansas and Oklahoma because tornadoes are most common in these regions. Few films deal with tornadoes in Canada or Alaska; however, tornadoes have been observed on all the continents except Antarctica. The causes of this geographic preference for tornado occurrence will also be explained in this chapter.

Hail is a common type of precipitation associated with severe thunderstorms. The largest hailstone known to exist in the United States was found in Coffeyville, KS in September 1970.  This hailstone weighed over one and one-half pounds and had a diameter of five and one-half inches.  The production of large hail requires strong updrafts within the storm. The damage hail produces can be extreme (Figure 11.5). Updrafts can be as large as 240 kph (150 mph)!  These strong updrafts can support grapefruit size hail stones. Large quantities of small hail can be very damaging to agriculture, as the falling hailstones can shred crops. Not all thunderstorms produce hail. 

  Thunderstorm Distribution

Maps of the distribution of thunderstorms provide clues to the atmospheric conditions required for thunderstorm development. The global distribution of thunderstorm days is shown in Figure 11.6. The tropical forests over South America and Africa have the largest occurrence.  Averaged over the year, Africa has the most thunderstorms. Tropical air masses are certainly more favorable for thunderstorm development than polar air masses because polar air masses are more stable and have less water per unit volume of air. The United States has the greatest number of thunderstorms of the continents located in the mid-latitude belts of the globe.

The average number of days each year that has a thunderstorm for the United States is shown in Figure 11.7. The southeastern United States has a large number, over 70 days of thunderstorms each year, with Florida receiving the most thunderstorms in a year. The foothill regions of Colorado also have a large number of thunderstorms.  The west coast, including Alaska, have only a few days each year during which thunderstorms are observed. 

While all thunderstorms have lightning, not all thunderstorms produce hail.  The annual average number of days thunderstorms produced large hail (greater than 3/4 of an inch in diameter) in the United States is shown in Figure 11.8. The maximum number of days with large hail does not coincide with the greatest number of thunderstorm days (compare Figure 11.8 with Figure 11.7). This indicates that thunderstorms over the Great Plains are more likely to produce large hail than thunderstorms generated over Florida. This geographic difference is an indication that different atmospheric conditions produce different types of thunderstorms.  As we develop our thunderstorm model, we will seek to explain what causes these differences in the geographic distribution of thunderstorms. 

  Determining Atmospheric Stability

The severity of a thunderstorm is largely dependent on the stability of the atmosphere.  We can determine if an atmosphere is stable or unstable by plotting temperature as a function of altitude and comparing it to the dry and moist adiabatic lapse rates (Chapter 9).  This method of determining the stability of the atmosphere is called the parcel method.  Another approach to determining favorable conditions for thunderstorm development is to compute a stability index. 

Stability indices are a measure of the atmospheric static stability.  They show the differences between the temperature and dew point of the air near the surface and those in the middle layers of the atmosphere.  There are different stability indices; each seeks to identify warm moist air underlying cooler, drier air.  The indices are based on the stability concepts discussed above and in Chapters 2 and 9, and the fact that moist air is less dense than dry air (Box 2.1).  

The simplest stability indices compare the temperature of a parcel of air low in the atmosphere with air in the middle troposphere. Stability indices are useful to forecasters in recognizing regions threatened by severe weather. A common stability index is the Lifted Index.  The lifted index is the temperature difference found by subtracting the temperature of a parcel of air lifted from the surface to 500 millibars from the exiting temperature at 500 mb.  If the observed 500 mb temperature is colder than the lifted air parcel then the lifted index is negative and the atmosphere is unstable to vertical air motions, like those found in cumulus and cumulonimbus clouds. The lifted index numbers are related to thunderstorm severity. A lifted index of between 0 and -2 indicates that the chances are small for thunderstorms. Values between -3 and -5 indicate a moderate chance of a thunderstorms. Values less than or equal to -6 indicates conditions are very favorable for development of thunderstorms with a high likelihood that if they occur, they would be severe with high winds and hail. The Lifted Index does not tell the probability of occurrence of a thunderstorm. The Lifted Index evaluates the severity of the thunderstorm if one where to occur.  

The K-index is useful in determining the probability of occurrence of a thunderstorm. The K index is computed as:

K Index = (T850- T500)+ TD850 + (TD700- T700) 
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Where T850, T700 and T500 are the 850-mb 700-mb and 500-mb temperature, respective and TD850 and TD700 are the dew point temperatures at 850 mb and 700 mb.  All temperatures are in degrees Celsius. The first term on the left hand side, labeled A, is a measure of the lapse rate between the 850 and 500 mb layer.  The air is less stable when this difference is a large positive number. Term B represents the amount of moisture in the lower layers of the atmosphere. If the dew point at 850 mb is high, then there is an increase in the instability of the atmosphere due to the release of latent heat when the air is lifted to saturation.  Term C represents the dryness of the 700 mb layer. When the difference between the dew point temperature and temperature at 700 mb is large, the air at that level is dry. Dry air over warm moist air is unstable, conditions favorable for thunderstorm development. 

Figure 11.9 is a typical temperature and dew point temperature profile of an atmosphere that is very unstable.  As we shall see later, the vertical wind structure from Earth's surface to near 300 mb, is also important in determining conditions that can lead to severe weather.

  Types of Thunderstorms

Cell, both the ordinary and supercells, comprise a fundamental element of a cumulonimbus storm.
Thunderstorms are composed of basic building blocks referred to as cells. A cell, is a compact region of a cloud that has a strong vertical updraft. Cells are the cumuliform turrets in a developing thunderstorm (Figure 11.10). 

Severe thunderstorms as defined by the United States National Weather Service, are thunderstorms that produce one ore more of the following: a tornado, large hail (diameters greater then 1.9 cm, or 0.75 in) or wind gusts of at least 26 meters per second (58 miles per hour).
There are two basic categories of thunderstorm cells, ordinary cells and supercells. Ordinary cells exist for less than an hour while supercells are large and can last for several hours. Ordinary cells are more common, though supercells produce most of the severe weather associated with thunderstorms. A sub-classification of thunderstorms is based on whether the storm is composed of a single cell or contains multiple cells in various stages of development (Figure 11.12).

We also classify thunderstorms as to whether or not they produce severe weather. Severe thunderstorms have wind speeds greater than 58 mph (93 km/hr), spawn tornadoes, or have hailstones large than 0.75 in (1.9 cm).  

  Ordinary Single-cell Thunderstorm

Ordinary single-cell thunderstorms are short lived, and localized single-cell thunderstorms.  An individual thunderstorm cell has a life cycle with three distinct stages: the cumulus, the mature, and the dissipating stage (Figure 11.13).  

The cumulus stage is the initial stage of a thunderstorm. Warm moist air near the ground rises and cools initially at the dry adiabatic lapse rate. The rising air parcel approaches saturation as the relative humidity increases until condensation occurs. The altitude to which a parcel of air needs to be lifted until saturation is reached is called the lifted condensation level, or LCL.  The LCL marks the cloud base. The cloud grows as moist air continues to be lifted and the growing cell expands both vertically and horizontally.   

Entrainment is the mixing of unsaturated environmental air with cloudy air.
As the cloud is growing, dry air from its surroundings mixes into the cloud at the cloud edges.  This is called entrainment. This mixing of drier air temporarily lowers the relative humidity and can cause droplets to reduce in size due to evaporation. The evaporation quickly saturates and cools the air within the cloud. Entrainment helps to produce different size drops within the cloud, a condition needed for cloud particle growth by collision and coalescence (Chapter 4).  

The moist air that flows upward through the cloud form the updraft.  As the cloud grows beyond the freezing level, the altitude where the air temperature is below freezing, it is composed of both water drops and ice particles, which supports further growth of the cloud particles (Chapter 4). Many clouds never develop beyond the cumulus stage, however, when conditions are right, the cumulus cloud builds into a cumulus congestus and eventually a cumulonimbus as precipitation forms and the mature stage in the life cycle of the thunderstorm cell begins.  

The mature stage of the thunderstorm begins when precipitation start to fall out of the cloud. During the mature stage the thunderstorm produces the most lightning, rain and hail. The updrafts in the cumulonimbus become organized and strong, providing the vertical motion needed for cloud droplet growth as discussed in Chapter 4. Eventually the particles get too large for the updraft to support them in the air, and the cloud particles fall and form the downdraft.  As the particles fall out of the cloud base, where the air is unsaturated, they begin to evaporate. This evaporation causes a cooling of the surrounding air, making the air denser and thus enhancing the downdraft. When the downdraft reaches the ground it spreads out and interacts with the updraft.  

The dissipating stage of a thunderstorm occurs when the updraft, which provides the required moisture for cloud development, begins to dissipate. During this stage of the thunderstorm life cycle, the downdraft dominates the updraft and the cumulonimbus begins to dissipate.  With no updraft the precipitation ends and the cloud begins to evaporate as dry environmental air is entrained into the cloud. Thus, the ordinary cell thunderstorm extinguishes itself by eliminating the upward supply of high humidity air needed for thunderstorm formation and maintenance.  

The air mass thunderstorm is an example of a single-isolated ordinary cell that does not produce severe weather. Air mass thunderstorms develop in warm humid mT (maritime tropical) air masses and are very common in the southeastern United States, Florida in particular.  They are common in the summer and complete their life cycle in about one hour (Figure 11.14). Air mass thunderstorms cannot produce severe weather because the precipitation falls into the updraft. The drag produced by the falling raindrops eventually extinguishes the updraft before severe weather can occur.

  Severe Thunderstorm

The severe thunderstorm produces dangerous weather (Figure 11.15). The updraft and downdraft occur in separate portions of the storm (Figure 11.16). Consequently, the updraft is maintained as the precipitation falls with the downdraft and not into the updraft. The most severe thunderstorms require very unstable atmospheric conditions and some amount of vertical wind shear to cause the updraft and downdraft to organize.  

There are two types of vertical wind shear, directional and speed.  In directional wind shear, the wind direction changes with altitude. A change in wind direction with altitude is a vertical directional wind shear. The change in wind speed with altitude is vertical wind speed shear. Typically, in a severe thunderstorm the humid air near the ground flows into the storm from a different direction than the air above the surface. For example, south winds carry humid warm air into the storm below cloud base, while at the same time westerly winds blow around the storm at middle and upper levels of the storm. In addition, the air aloft is moving much faster than the air near the ground (Figure 11.17).  Severe thunderstorms typically occur in environments that have both directional and speed wind shear in the vertical. 

Gust front is a boundary that marks the boundary of a relatively cool air mass that flows out the base of the thunderstorm and spreads laterally outward along the ground.
As with the ordinary single-cell thunderstorm, when the downdraft of the severe thunderstorm hits the ground it spreads out. This spreading air extends outward and often heralds the coming of a thunderstorm as observers on the ground experience a gust of cool moist air.  This blast of cool air associated with the downdraft is called the gust front (Figure 11.17). The gust front can enhance the inflow of air near the ground by providing additional uplift for the inflowing moist warm air. The gust front therefore behaves like a mini cold front, wedging its way beneath and uplifting warmer, less dense air. Unlike the air mass storm, the downdraft supports the updraft and helps to maintain the storm and produce severe weather.

A cloud is sometimes observed just above the gust front.  This cloud, called a roll cloud, is formed as the gust front forces air near the surface to rise and is caused by the cool downdraft air lifting warm surface air to the LCL (Figure 11.17).  While a roll cloud is very ominous (Figure 11.18), it does not produce damaging weather, although it heralds what might come to pass(severe weather.

  Supercell Thunderstorm

The supercell thunderstorm almost always produces dangerous weather. Supercell thunderstorms produce one or more of the following weather conditions: strong wind gusts, large hail, and tornadoes. The severity of these storms is primarily due to the structure of the environment in which the storm forms. The development of a supercell requires a very unstable atmosphere and strong vertical wind shear (speed and directional). Often in supercell environments, wind direction at the surface is south-easterly, while the winds aloft are from the west. Wind speed may be 15 mph at the surface and over 100 mph at he 500 mb level. The strong vertical directional wind shear causes the updrafts and downdrafts to wrap around one another (Figure 11.19). The updraft enters the supercell from the southeast and slants upward toward the back, or northwest, of the thunderstorm. Overshooting tops locate the updraft near the top of the storm. Strong westerly winds aloft blow the updraft towards the east where it exits through the anvil, helping to maintain one strong and local updraft. As the updraft is not interfered by the downdraft, hail size can become extremely large, upward of 4 inches in diameter.

The main downdraft location of the supercell is located in the precipitation below the cloud base. The downdraft enters from the southwest portion of the storm.  To the left of the downdraft are the rain-free cloud base and the flanking line.  The flanking line parallels the gust front to the southwest of the updraft (Figure 11.19), and can be identified by growing cumulus towers. Research suggests that as the downdraft behind the flanking line intersects the updraft, rotation results and causes tornadoes to form. 

Once initiated, supercell storms sustain themselves for two to three hours because of the structure of the updrafts and downdrafts. The favored region for the formation of the supercell storm is the southern Great Plains of the U.S. in spring.  This is because the extreme instability and the climatologically favored combination of low level and upper level wind condition existing during this time in these locations. 

  Multicell

Many thunderstorms are multicell storms.  Multicell storms are composed of several individual single-cell storms, each one at a different stage of development: cumulus, mature, and dissipating (Figure 11.20).  With some cells in the dissipating stage, and others in the cumulus stage, a multi-cell thunderstorm can last for several hours.  

For MCC's to exist the individual thunderstorms that comprise the system must support the formation of other convective cells.  The downdraft of individual cells of the MCC form and enhance the updraft of neighboring cells.  Figure 11.21 demonstrates how this happens.  In this figure, warm moist air is flowing northward and providing the updraft for the cell marked 3.  The thunderstorm is moving to the northeast, the direction of winds at the mid-level of the troposphere, approximately 500 mb.  When the cell marked 3 reaches its mature stage, the downdraft forms a gust front that flows outward. This outflow advances to meet the inflow, acting like a wedge to force air to rise before reaching the active cell. This region forms a new cell (labeled 4) while cell 3, now robbed of its updraft, quickly enters the dissipation stage of its life cycle. As cell 3 dissipates, Cell 4 continues to grow and eventually becomes a mature storm. At this point it follows the same fate as the thunderstorm cell that initiated it. Its gust front forms another cell and dissipates.  As storms develop and dissipate, the entire complex tends to move in the same direction as the air near 500 mb, which is typically to the northeast.

Two basic types of multi-cell storms are the squall line and mesoscale convective complex.

Squall line, a line of intense thunderstorms. 
  Squall line

Squall line is composed of individual intense thunderstorm cells arranged in a line, or band (Figure 11.22). They occur along a boundary of unstable air, which gives them a linear appearance.  Squall lines often have lifetimes of approximately 6 to 12 hours and extend across sever states simultaneously.

The weather conditions favorable for the formation of a squall line are divergence aloft and a broad low level inflow of moist air. Squall lines are often observed ahead of a cold front in the Great Plains of North America (Figure 11.23). The low-level winds ahead of the front supply the high humidity air required to develop and maintain thunderstorms. This low-level inflow of moist air is an important ingredient in severe storms.  It is not the front that provides the lifting for the convective cells that comprise a squall line. Divergence aloft provides the forcing mechanism to lift the air near the surface, initiating the storm development. 

As the upper-level trough moves eastward, so does the upper-level divergence.  Thus, the cold front and squall line tend to move in the same direction, with the squall line out ahead.  The combination of the upper-divergence and the 'tongue' of moist air near the surface form a boundary that results in the storms being organized in a line.  When a squall line lasts several hours, each cell along the squall line grows, matures, and dissipates in step with the upper-level divergence and low-level inflow. 

Dry line is a boundary that separates two air masses, typically cT and mT, that have large differences in dew point.
Squall lines frequently form along a dry line in the warm sector of a midlatitude cyclone.  A dryline separates hot dry air, typically originating over the southwest United States and Mexico, from cooler moist air, usually having originated over the Gulf of Mexico. Recall that the an important ingredient for strong convection are differences in air density, which depend on both the air temperature and moisture content.  Because of this dependence, a dry line separates two air masses of very different density: cool and moist (less dense) air from dry and hot (more dense) air.  Dry lines therefore mark a region of favorable conditions for severe thunderstorms.

The airflow in an individual thunderstorm of a squall line is shown in Figure 11.24. The thunderstorm cell is moving from left to right in the figure. As with the supercell storm, the strong wind shear of the storm environment causes the updraft to be tilted and separated from the downdraft. So, the precipitation does not fall into the updraft. In the squall line, wind speed shear occurs because the wind in the upper region of the cell is moving faster than the air near the surface. This wind shear helps to draw warm, moist air near the surface into the storm. Unlike the supercell environment, wind directional shear is small in squall lines. The dense cold air of the downdraft forms the gust front, which helps to lift the warm moist air flowing towards the storm. While gust fronts are very important in the maintenance of squall line thunderstorms, they are critical to sustaining Mesoscale Convective Complexes.

  Mesoscale Convective Complex 

The Mesoscale Convective Complex, or MCC, is another severe storm comprised of multiple single cell storms. An MCC is a complex of individual storms that covers a large area (100,000 km2) in a satellite infrared image and lasts for more than 6 hours. MCCs often begin forming in the late afternoon and evening, and reach mature stages during the night and toward dawn. In satellite images MCCs appear as a cluster of thunderstorms that give the appearance of a large circular storm with cold cloud tops (cloud top temperatures less than -40 C). Figure 11.25 shows a satellite infrared image of a MCC that formed late in the day on 07 July 1997 over Nebraska. Lifted Indices for the region where less than -8.

MCCs often form in unstable atmospheric conditions with weak upper-level winds, often in the vicinity of a ridge of high pressure (Figure 11.26). MCCs produce large amounts of rain. The storm of 07 July 1997 (Figure 11.25) produced several reports of heavy rainfall amounts of 4-6 inches across parts of Kansas, hail up to 1.75 inches diameter, and damaging wind gusts of up to 60 mph.  These annual rains produced by these storms are an important source of water for the corn and wheat belts of the United States.  To produce these rains requires a continual source of low-level moisture.

Unlike the squall line, vertical wind shear is not the reason these storms survive for so long. The MCC is a multicell storm comprised of convective cells in different stages of their life cycle. 

For an MCC to last a long time also requires a good supply of moisture from low levels of the atmosphere. A low-level jet stream of air that flows up the central Mississippi Valley typically provides this moisture. This jet occurs primarily at night and is also called a nocturnal jet.  As the nocturnal low-level jet weakens at sunrise, so does the MCC. MCCs usually reach peak intensity in the early morning hours (0 to 300 local time). This low level jet is an important ingredient in the formation of severe weather in the United States.

The low-level jet transports moisture to the central United States from the Gulf of Mexico during summer. This jet is located above the surface and occurs primarily during the spring and summer months. This low level jet occurs just above a surface inversion. Because surface inversions are very stable, the jet does not mix with the slower air near the surface and thus maintains its speed throughout the night.  The air may seem calm to someone sitting on their porch on a sweltering summer night in Arkansas, yet at 300 to 700 meters (about 1000 to 2300 ft) above the ground, the wind speed can be nearly 100 kph (60 mph)! This low-level jet is a weather phenomenon whose existence is due in part to the unique geology of the region.

The land between the Mississippi River valley and the eastern front range of the Rocky Mountains gently slopes upward. Air at a fixed elevation above sea level is therefore closer to the ground over the western Great Plains than the air over the Mississippi Valley (Figure 11.27). The air over the great Plains will therefore cool more at night as its energy losses to the surface are enhanced because of its proximity. This temperature difference results in a pressure gradient force directed from east to west. As the air moves westward, because of the pressure gradient force, the Coriolis force deflects it to the right, resulting in a northerly flow pattern. The low-level jet can supply moisture to squall line thunderstorms and supercell thunderstorms and help to produce severe weather.

MCCs are unique in that they are maintained by this low level jet. They move eastward in concert with the low-level jet turning northeastward as the Coriolis forces acts on the low level jet flow.  The low-level jet is lifted over the downdrafts of mature cells, and that maintains thunderstorm development over a long time period.

  Thunderstorm Severe Weather 

Severe weather produced by thunderstorms includes lightning, tornadoes, straight line winds, flooding, and hail. These weather phenomena are some of the most spectacular sights in nature. A single storm can generate all of these perils, or only one. 

  Lightning

Lightning is huge electronic discharge that occurs between the ground and a cloud, between clouds, or within a cloud.
Lightning occurs in all thunderstorms. Lightning is a huge electrical discharge that results from the rising and sinking air motions that occur in all thunderstorms. Each year in the United States lightning kills, on average, 93 people and injures approximately 300 people! Lightning causes several hundred million dollars of property damage each year. While your chances of being struck by lightning are small, about 1 in 600,000, it is important to understand the dangers of one of nature's fireworks and to know basic safety precautions.

Lightning can travel from cloud-to-cloud, within the same cloud, or from cloud-to-ground. In-cloud lightning discharges are by far more common than cloud-to-ground and not as hazardous. The processes that lead up to this electric discharge, or lightning flash, are the same for these three types. 

Though lightning appears to be a continuous flash of light to human eyes, high speed photography shows that a "lightning bolt" is actually a series of events. Let's break down cloud-to-ground lightning as a series of events. To explain the sequence let's consider lightning striking a tall building.

Charge separation in the cloud. We do not fully understand how a cloud gets electrified. Current thoughts are that electric charges get distributed throughout the cloud by the collision of ice particles with graupel (see chapter 4) at different temperatures.  When the collisions occur at temperatures below -15C (5F), the ice crystals become positively charged while the graupel acquires a negative charge. At temperatures warmer than -15C, the collision induces a positive charge on the graupel. The updrafts that maintain the cloud storm carry the particles to different regions of the cloud. The ice crystals are moved upward to the top of the storm while the graupel collects lower in the cloud. In-cloud lightning is the surge of electric current that passes between the negatively and positively charged regions of the cloud.  

Ground becomes positively charged. Opposite charges attract, like charges repel. As the cloud base becomes negatively charged, the objects on the ground becomes positively charged (Figure 11.28). The atmosphere is resistant to the flow of electricity, which allows the development of a very large difference between the charges of the cloud and ground and establishes conditions for lightning strike. The voltage begins to build as the negative charges continue to collect near the base of the cloud. Since air is a good insulator, it can separate voltages as great as 3,000 volts per foot. Lightning results when the voltages get larger than this. 

Lightning formation begins. Once the charge difference becomes so large that the atmosphere can no longer insulate the two regions, negative charges near the cloud base begin to move towards the ground. This is initiated when a small pocket of positive charges collects near the bottom of the cloud. The initial discharge of negative charges near the cloud base is called the pilot leader. Once this initial step happens, electrons flow downward towards the ground into the pilot leader, and continue to surge down in a sequence of events towards the ground. This flow of charge creates stepped leaders, which attempt to establish a conductive channel from the cloud to the ground for electrons to flow through and neutralize the charge difference between the cloud and ground. 

Stepped leaders propagate towards the ground in distinct steps that look like branches.  The stepped leaders are very faint and are about 50 meters (162 feet) long and about 2.5 centimeters (1 inch) wide.  As a stepped leader surges downward, objects near the ground, particularly tall, sharp, metal objects, become positively charged. As the channel nears the ground, a spark occurs to complete a narrow channel that serves as a wire for electrons to flow through. 

Brilliant flash is observed.  The instant a channel is established from the cloud to the ground, electrons flow upward through this charged channel, generating a brilliant flash known as the return stroke.  Figure 11.1 shows the brilliant return stroke along with less intense stepped leaders that did not establish a channel to the ground. After the initial return stroke, negative charges from higher in the cloud move towards the ground and are called dart leaders. The dart leaders may generate additional return strokes if they reach the ground. What appears to the human eye as a single lightning stroke is actually a series of return strokes that occur too fast for the eye to distinguish.  

  Tornado

Tornado is a vortex of air that extends downward from a thunderstorm to the ground.
Tornadoes are rapidly rotating vertical columns of air that reach from the cloud to the ground (Figure 11.1).  The rotation is usually cyclonic (counterclockwise).  The name may have been derived from the Latin word tornare, which means to turn and the Spanish word tronada, which means thunderstorm. In the United States, tornadoes are also called twisters and cyclones. 

Tornadic winds near the surface can reach speeds as high as 135 meters per second (300 miles per hour). We are able to see a tornado because of the dirt and debris it picks off the ground and condensation that occurs near the cloud base.  As with lightning, there are many things we do not know about tornado formation. They are difficult to study as they are short lived (usually less than 1/2 hour), are small (diameters of approximately 100 meters or 330 feet), and impossible to predict. While we cannot yet predict the formation of a tornado, we know the type of storms that can generate tornadoes. Forecasters issue tornado watches and warnings when these storms occur.

The most damaging tornadoes are spawned by supercell storms. Tornadoes in these storms typically last about 25 minutes, though they can last a few hours. Although a single storm can spawn several tornadoes, not all supercells produce a tornado. Conditions favorable for tornadoes are the same for supercell formation: warm moist air near the ground with drier air aloft, strong wind speed and directional shears.  

A vertical difference in wind speed, or wind speed shear, is an important ingredient for tornado formation. The importance of directional wind shear in forming a severe thunderstorm was discussed earlier(it separates the storm updraft and downdraft. Wind speed shear generates rotation within a storm. To picture this, put a pen between the palms of your hands, with the pen parallel to the ground. Slide one of you hands over the other and notice that the pen rotates. The question now is how to turn the pen on its end so it rotates vertically like a tornado.

Mesocyclone is a cyclonically rotating volume of air within a thunderstorm.  Mesocyclone are sometimes precursors to tornadoes.
A storm with vertical wind speed shear spins a tube of air, similar to the way a pencil spins between your palms. As this rotating tube of air enters the updraft of the storm it is tilted upward (Figure 11.29). This spinning motion generates a counterclockwise rotation in the southern flank of the storm. This spinning column of air has a lower pressure than the surrounding region because of the divergence aloft and the latent heating that warms the air. This low-pressure region of a supercell storm with cylconic winds is called a mesocyclone. It is from the mesocyclone that most tornadoes spawn. Tornadoes usually occur on the southwest flank of a storm because this is where the mesocyclone forms. 

Once the mesocyclone is formed, a tornado is generated by vertically stretching the mesocyclone, causing the air to spin faster as it conserves angular momentum (Chapter 8). Meteorologists don't know exactly how this stretching leads to the formation of a tornado. We do know the signs favorable of tornado formation.

The presence of a wall cloud and a funnel cloud indicate conditions favorable for tornado formation (Figure 11.30). As the mesocyclone stretches and lowers towards the ground it may extend below the cloud base. The surrounding air is drawn into the region of lower pressure, it expands and cools and water vapor can condense forming a cloud that protrudes like a wall below the cloud base. This cloud is called the wall cloud.  As air continues to flow into the wall cloud, a small, rapidly rotating column of air may suddenly protrude below the wall cloud causing additional condensation. A funnel cloud may mark this rotating air. As a funnel cloud extends towards the ground it may touch down and pick-up debris, forming an official tornado occurrence. Funnel clouds herald dangerous weather conditions.

Other than visual observations, we cannot directly detect the presence of a tornado within a storm; however, we can probe a particular storm with radar (Box 12.1) to identify favorable conditions for tornado formation. Figure 11.31 shows a view looking down on the precipitation pattern in a supercell storm that spawned a tornado. Notice how the precipitation pattern hooks around the mesocyclone in a counterclockwise direction. This pattern is called a hook echo. While not all storms with a hook echo produce a tornado, those that do will have a tornado located near the region marked with a T. 

The central region of the United States spawns more tornadoes than anywhere in the world. This region, which extends from Texas through Oklahoma, Missouri, Kansas, and Ohio, is referred to as tornado alley. Tornado season for this region is between March and August. Most tornadoes occur in May, with the most destructive ones in April. Explaining why tornadoes occur in this region and during this time is important and helps us understand conditions favorable for tornado formation.

The unique geographic location and topology of central North America plays an important role in spawning tornadoes. Extremely unstable air (low values of the lifted index) requires warm, high-humidity air near the surface, warm low-humidity at mid-levles and cold air aloft. Southerly airflow from the Gulf of Mexico provides warm and moist air to the Great Plains of North America. The semi-desert regions on the lee (eastern) side of the Rocky Mountains provide the warm dry air. Southwesterly flow from this region, which is higher in altitude, provides the mechanism to move the warm dry continental air over the tropical maritime air mass, making the atmosphere unstable.  

Capping inversion is a low level temperature inversion that usually forestalls the development of thunderstorm.
So, the high frequency of tornadoes in tornado alley during the spring results from the large-scale weather patterns that generate favorable conditions for tornado formation. In the spring months, maritime tropical air masses flow from the Gulf of Mexico into the central United States, supplying low level moisture. Dry cT air masses that originate over the Mexican Plateau and move over the same region. This air originates at a higher level, approximately 2 km, than the mT air mass that originated over the warm waters of the Gulf of Mexico. When these two air masses are stacked vertically, the air is very unstable. When the warm dry air moves over the warm moist air it acts like a lid by generating a temperature inversion. So, while the air may be very unstable, with lifted index of less than -6 not uncommon, thunderstorms do not develop as rising air near the surface encounters the stable temperature inversion and rises no further.  Skies may therefore be cloud-free with no cumulus development. However, each rising parcel of air slowly erodes the inversion. In time, the inversion, referred to as a capping inversion, is eroded, explosive upward motions occur, and a storm is born. The inversion erodes during the day when solar heating of the surface is a maximum. Thus explaining why 60% of all tornadoes occur between noon and sunset.

Fujita scale (F scale) categorizes tornadoes based on the destruction the cause.
The intensity of a tornado is defined by the damage it inflicts. The Fujita scale, or F scale, is commonly used to define this destruction (Table 12.1). The higher the F number, the more severe the damage. While only two percent of all tornadoes reach the most destructive F4 and F5 categories, these storms cause 70% of all deaths by tornadoes.  

Tornadoes are not the only strong winds produced by thunderstorms.  The downdrafts of thunderstorms can also cause extensive damage.  Unlike the tornadic winds, these downdrafts do not rotate and so are also called straight-line winds.

Table 12.1 The Fujita scale, named after Dr. T. Fujita, describes the destruction cased by tornadoes. (Can we also have a column with pictures of the destruction caused by the different types?)

Category
Damage
Wind speed range

km/hr      (mi/hr)

F0
Light
Breaks tree branches; heavy damage to crops; chimneys damaged
64-118
40-73

F1
Moderate
Trees uprooted, some snapped; mobile homes overturned; moving cars pushed off road
119-181
74-112

F2
Considerable
Large trees uprooted and snapped; mobile homes destroyed; roofs torn off houses; railroad boxcars pushed off track.
182-253
113-157

F3
Severe
Most tress in a forest uprooted or snapped; walls torn off well-constructed frame houses; trains overturned; autos lifted off ground and moved.
254-332
158-206

F4
Devastating
Trees debarked by flying debris; well-constructed frame houses leveled; autos thrown some distance.
333-419
207-260

F5
Incredible
Trees completely debarked, strong frame houses lifted off foundations and demolished over some distance, steel-reinforced concrete structures badly damaged; autos become missiles and fly distances of 100 meters.
420-513
261-318

  Downdraft and Straight Line Winds

Downburst is a strong downdraft associated with a cumulonimbus cloud.  Downbursts are classified according to their size as either a macroburst or a microburst.
Strong downdrafts in thunderstorms can damage property or make aircraft landings and takeoffs dangerous (Box 12.2). When strong downdrafts hit the surface they spread out and can produce strong winds know as downbursts. Water droplets that evaporate in a downdraft cool the air, making it denser than its environment, causing the air to descend rapidly. How fast the precipitation evaporates determines whether rain accompanies the downbursts. The size of the downburst determines its type: a macroburst or microburst.  

A macroburst has surface wind speeds of up to 210 km per hour (130 mi/hour) and can cover a distance of more than 4 km (2.5 mi).  A microburst is a downdraft that is smaller than about 1 km in size and has a path of destruction less than 4 km.  Microbursts last for less than about 10 minutes. Microbursts are very dangerous to aircraft (Box 12.2), as they are small and don't last very long, making them difficult to detect. 

Thunderstorm downdrafts can produce straight line winds that last several hours with wind gusts in excess of 92 km per hour. This type of severe wind event is known as a derechoe (der-ray-cho). Derechoes are common in the upper Midwest of the United States and occur when the atmosphere is very unstable and surface dew points are very high (often above 75(F or 24(C).  Damage associated with these severe wind events is often confined to narrow swaths, with destruction similar to that caused by tornadoes. 

  Flash Floods and Flooding

A flood is a substantial rise in water that covers areas not usually submerged (Figure 11.32). A flood occurs when water flows into a region faster than it can be absorbed (i.e., soaked into the soil), stored (i.e. in lake, river, or reservoir), or removed (i.e., in runoff or a waterway) into a drainage basin. Common causes for floods are high intensity rainfall, prolonged rainfall, or both.

Floods pose the greatest weather related threat to human life, killing almost 150 people each year (Table 12.2). Not all floods are associated with thunderstorms, although most deaths in the United States result from floods caused by slow-moving thunderstorms or a series of thunderstorms that move over the same region. In addition to thunderstorms, hurricanes and mid-latitude cyclones can also produce flooding. Flooding by hurricanes threatens east coast residents of North America while mid-latitude cyclones can flood almost any region. Thunderstorms are of particular concern because they can produce a very dangerous condition know as a flash flood. 

A flash flood is a sudden local flood that has a great volume of water and a short duration. Flash floods occur within minutes or hours of heavy rainfall in a short time or due to a sudden release of water from the break-up of an ice dam or constructed dam. 

Rainfall intensity and duration are two key elements of a flash flood. Topography, soil conditions, and ground cover also play important roles. Steep terrain can cause rain water to flow towards and collect in low lying areas causing water levels to rapidly rise. If the soil is saturated with water, it cannot absorb water and so the water runs off the land rapidly. On the other hand, extremely dry soil conditions can also be favorable for flooding. Dry soil often can develop a hard crust which water will initially flow over, like it does with concrete. 

Flash floods occur within six hours of a rain. A flood is a longer term event and can last a week or more. Severe flooding along the Mississippi in the summer of 1993 resulted from prolonged rains in the upper Midwest of the United States. The worst flash flood in the United States occurred in Johnstown Pennsylvania on May 31, 1889. A dam broke from heavy rain and structural problems, resulting in a 36-40 foot wall of water that swept through the town killing 2,200 people. More devastating floods have occurred in other parts of the world. In 1970, a Bangladesh flood that resulted from a cyclone (a Pacific hurricane) killed an estimated 1 million people. 

Floods are a natural phenomenon and do have benefits. Large seasonal floods have produced productive farmland, such as in central North America and along the Nile river, by bringing nutrient-rich fine soil to the flooded region. Flood waters also refill wet-lands and replenish groundwater. While flooding is a natural event, humans can increase the likelihood of flooding by changing the character of the surface. 

Vegetation helps keep the soil from drying out or getting too moist. So vegetation helps inhibit flooding. Removing plants on hillsides increases run-off and thus chances for flooding and may lead to mudslides. Urbanization also increases run-off and the danger of flooding as plants and soils are replaced with asphalt and concrete, inhibiting water infiltration into the soil. During urban flooding, streets can quickly become dangerous rivers. 

Almost half of all deaths caused by flash floods are automobile related. Do not drive through moving water! It only takes about two feet of water to sweep away an automobile. If you are caught in a flash flood or rapidly rising waters, leave your vehicle and seek high ground on foot.

Because of the danger posed by floods, the National Oceanic and Atmospheric Administration (NOAA) issues flood watches and warning. A flood or flash flood watch is issued when flooding is possible. When a watch is issued for your region, you should be on alert and listen to the weather radio to keep abreast of any threats of flooding. When a flood has been reported or is imminent, a warning is issued and you move to a safe area immediately, as the flood may cut off access and leave you stranded. If you are asked to evacuate, you should do so immediately. In a flash flood, you may only have seconds to save your life. 

  Hail 

Hail is precipitation in the form of large balls or lumps of ice (see Chapter 5). Hailstones begin as small ice particles that grow primarily by accretion and therefore require abundant super-cooled water droplets. Hailstones can be as large as oranges and grapefruits. When hailstones get large enough, gravity can pull them out of the storm when strong updrafts no longer can support them. They reach the ground as hail if they do not melt in the warm, dry air below the cloud. How do they get so large? 

Remember from Chapter 5 that how large a precipitation particle becomes depends on how long it stays in the cloud and the amount of water available for growth. When a hailstone is cut in half (Figure 11.33), rings of ice are observed. Some rings are milky white; others are clear. This ringed structure suggests a cycling of the hailstone through the storm. Cycling through a thunderstorm that is 15 km high can keep the hailstone in the cloud for a long time and expose it to lots of water. To explain this ringed structure lets consider how hail grows in a supercell thunderstorm. 

Hail embryos are small particles of ice that grow into hailstones. Embryos form along the edge of the storm's main updraft and circle around the updraft (Path 1 in Figure 11.34). On a radar image this curtain of hail forms a weak region of return echoes and is called the vault (Figure 11.34). As the embryos rise in the storm they grow, reaching sizes of approximately one millimeter. Circulation within the storm moves the embryos towards the front of the storm where the updraft is weaker. So, the ice particle falls along the front (or forward) edge of the main updraft (Path 2 in Figure 11.34). Because the updraft is tilted, a growing hailstone can fall into the leading edge of the strong updraft where temperatures are near freezing and water accumulates on the ice, be carried back up into the storm to be refrozen, and thus repeat a trajectory that resembles paths 1 and 2 described above. Some hailstones will eventually fall into the strongest part of the main updraft and be carried up and over the updraft, as in path 3 of Figure 11.34. At this stage the hailstone falls through the cloud to the ground ahead of the main precipitation. It is important to note that hailstones can make multiple trips through the storm. As a hailstone vertically cycles through the storm, it collides with super-cooled water droplets (Chapter 4) of different sizes, growing larger with each collision.

Small super-cooled droplets freeze quickly when they collide with a hailstone. The rapid freezing traps air bubbles that cause the ice to appear white because of multiple scattering (Chapter 5). Larger super-cooled droplets freeze slowly, spreading over the hailstone and allowing air bubbles to escape. Accretion of large super-cooled droplets forms the clear layers of a hailstone.

The production of large hail requires a strong updraft that is tilted and an abundant supply of super-cooled water. Since strong updrafts are required to generate large hailstones, it is not surprising to observe that hail is not randomly distributed in a thunderstorm but occurs in regions near the strong updraft. The curtain of hailstones that falls below the cloud base are called the hailshaft. As the storm moves, it generates a hailswath, a section of ground covered with hail (Figure 11.35). 

Hailstorms can severely damage crops, automobiles and roofs. A hailstorm along the front range of Colorado on July 11, 1990 caused $625 million in property damage. The storm caused a power outage leaving people stranded on a Ferris wheel and exposed to the storm's fury(forty-seven of whom where injured by the storm's soft-ball sized hail. However, most hail damage is to crops. Hailstorms, which occur world wide and frequently during the growing season, destroy approximately 1 percent of the world's annual agricultural production. 

The great loss of property due to hailstorms has generated efforts to suppress or prevent hail. Unfortunately such efforts have not been fruitful and many farmers, particularly in the mid-western United States, purchase crop-hail insurance for economic protection. 

  Summary

This chapter discusses how thunderstorms form and how they produce thunder, lightning, tornadoes, flooding, downbursts, and other severe weather. By definition, all thunderstorms must have thunder, and therefore lightning.  

The basic building block of a thunderstorm is the cell. There are two basic cells, the ordinary cell and the supercell.  The supercell is more severe and lasts longer than a single ordinary cell. A thunderstorm can be composed of a single cell or multiple cells. Squall lines and mesoscale convective complexes are examples of multiple cells. Air mass thunderstorms are single, ordinary cells. 

All thunderstorms, by definition, have thunder and therefore lightning. Lightning is a huge electrical discharge that results from rapid rising and sinking air motions within the storm that cause collisions of ice particles with graupel. A typical lightning flash is a composite flash composed of several lighting strokes.  The stepped leader with subsequent dart leaders leads each stroke.  The return stroke is the part of the lightning flash that we typically observe. 

All thunderstorms form in unstable air masses. Favorable conditions for thunderstorm formation include rapidly decreasing temperatures and dew point temperatures with altitude.  Stability indices, such as the lifted index, are methods of quickly assessing the stability of the atmosphere. Severe thunderstorms grow in an unstable environment that also has vertical wind shear(a change in wind speed or a change in wind direction with altitude.  Environment vertical wind shear is important for severe thunderstorms as it helps to separate the updraft from the downdraft. This enables the storm to last longer and grow more severe. Without wind shear, the updraft is vertically erect, and the clouds' particles eventually fall through the updraft.  The drag of the falling particles and the sinking motion enhanced by evaporation cooling, converts the updraft into a downdraft and ending the storm. Tornadoes and large hail are produced by thunderstorms that grow in unstable atmospheres with vertical wind shear.

Tornadoes are violently rotating vertical columns of air that stretch from the cloud to ground. Tornadoes are classified by the destruction they cause using the Fujita scale. Tornadoes occur in the updraft region of the storm. Precipitation occurs in the downdraft region of the storm. This explains why tornadoes are associated with precipitation-free regions of the storm. Tornado formation also requires: 1) warm moist air near the ground, 2) mid-level (500 mb to 300 mb) dry air above the warm moist air, and 3) upper level divergence (often associated with a cold front, upper-air trough, or surface low pressure system).  These are necessary but not sufficient conditions.  Thunderstorms with these features may, or may not, generate a tornado.  A sign of tornadic conditions is a wall cloud or a funnel cloud. 

When a downdraft exits the cloud base and hits the ground it spreads out.  The leading edge of this cool dense air forms the gust front, which can help support the updraft in supplying warm moist air to the storm. These downdrafts can reach wind speeds of hurricane force, thus cause severe property damage, and pose life-threatening situations.  Microbursts and macrobursts are downdrafts that can threaten air travel, particularly landings and take-offs.  

Lightning, hail, tornadoes and floods, are all very dangerous weather events discussed in this chapter. While there are many different dangerous situations associated with severe thunderstorms, we can summarize who is most at risk from severe weather. People who are outdoors in the open, under trees, or on the water are most at risk from lightning. People in mobile homes and automobiles are at higher risk when tornadoes are near-by. People in automobiles are also at risk in flash flooding conditions as well as those people in low lying areas and canyons. 

The most threatening weather is flooding, particularly flash flooding. A flash flood occurs suddenly and floods a region with a great volume of water in a short time span. Rainfall intensity and duration are two key elements of a flash flood. Topography, soil conditions, and ground cover also play important roles. 

  Terminology 

You should understand all of the following terms. Use the glossary and this Chapter to improve your understanding of these terms.

Air mass thunderstorm

Capping Inversion

Cell

Cumulus Stage

Dart leader

Dissipating Stage

Downburst

Downdraft

Dry line

Entrainment

Flash flood

Flood

Fujita Scale

Funnel cloud

Gust front

Hail

Hail Shaft

Hail Swath

Hook Echo

K Index

Lifted Index

Lightning

Low Level Jet

Mature Stage

Macroburst

Mesocyclone

Mesoscale Convective Complex

Microburst

Multicell

Ordinary cell

Overshooting top

Parcel Method

Pilot Leader

Return stroke

Roll cloud

Severe Thunderstorm

Stepped leader

Straight line wind

Squall line

Supercell

Thunder

Thunderstorm

Tornado

Tornado Alley

Updraft

Vault

Vertical wind sheer

Wall cloud

  Review Question

1. Explain the difference between a severe thunderstorm and an air mass thunderstorm.

2. What should you do when a tornado warning is issued for where you are located? 

3. Describe how a hailstone can grow to the size of a grapefruit.

4. Why is the maximum occurrence tornado in the United States located in Oklahoma?

5. Draw a picture of the worst thunderstorm you experienced.

6. Draw the wind flow around an anticyclone in the Southern and Northern Hemisphere.

7. What would happen to converging air at the surface if convergence also occurred in the upper troposphere?

8. Explain how flash flooding might occur.

9. What should you do if you were caught by surprise by a thunderstorm while you were in a large open area?

10. What causes thunders and lightning?

11. What is a downburst and why is it dangerous to air traffic?

12. Draw a vertical profile of temperature, dewpoint temperature, wind speed that would be favorable for the formation of a severe thunderstorm.

13. Discuss the differences and similarities between a cold front and a gust front.

14. Explain why a tilted updraft is important for the formation of hail.

15. Why are thunderstorms more common in Florida than in Oklahoma? Why are tornadoes more common in Oklahoma than in Florida?

16. What can you do to protect yourself from the threats of tornadoes, lightning, hail, and flooding?

17. In general, thunderstorms are also more common in summer than in winter.  Why would this be so? 

18. Why do geographic regions with a high number of days of hail also have a large number of tornadoes?

  Web Activities

Web activities related to subjects in the book are marked with subscript (.  Activities include:

Atmospheric conditions favorable for thunderstorm development

Grow a thunderstorm

Current severe weather warnings

Storm Chasing

Identifying thunderstorms on a satellite image

Detecting lightning

Practice multiple choice exam

Practice true/false exam

 Box 12.1 Storm Chasers

Severe thunderstorms produce damaging, and sometimes deadly, weather events. Because of the danger these storms pose, they are studied at a distance, and unlike hurricanes, they are not probed by aircraft. Scientists use Doppler radar to understand the circulation inside these storms.  Even storm chasers avoid getting too close to severe thunderstorms. 

Storm chasers are trained individuals who seek to gather data, such as video or radar, of severe thunderstorms to further understand their formation and movement. Storm chasers are exposed to the hazards that often accompany a tornado, such as large hail, lightning, and heavy rains that make driving difficult and dangerous. Storm chasers must have excellent knowledge of thunderstorms.  They know that it is better to approach a storm from the southeast to west quadrants.  They avoid approaching a severe thunderstorm from the north or east as it exposes them to the region of heaviest rain and hail; a region known to storm chasers as the bear's cage.  Chaser's forecast where conditions are favorable for tornado formation, and then drive there (sometimes for many hours) hoping to sight a tornado.  While we cannot forecast tornadoes, observations from storm chasers, Doppler radar, satellites, and other instruments have enabled us to better understand the conditions needed for thunderstorm development.

Box 12.2 Downbursts and aircraft

The shape of an airplane wing generates a low pressure above the wing surface as air flows over the wing.  The low pressure produces the lift that enables the plane to fly. Air must flow quickly over the wing to generate lift.  Airflow is a combination of the wind and the aircraft engines.  For the plane to maintain its altitude the lift must balance the weight of the airplane.  The motion over the wings is a relative motion.  With a headwind the engines do not need to provide as much forward movement to lift the plane.  So, a rapid shift of wind direction from a head wind to a tail wind can be very dangerous.  To see this consider a plane on take-off with a microburst at the end of the runway.

As the aircraft flies into a microburst it encounters a strong headwind, can therefore cut-back on the engines, and still meet the minimum relative speed required for take off.  Suddenly, while the plane is in the air, the wind shifts and the plane unexpectedly encounter a tail wind.  The relative speed of the aircraft may no longer be strong enough to maintain its altitude.

Knowing that wind-shifts exist in the vicinity of runways is very important to safe flying conditions.  The Federal Aviation Administration (FAA) requires large airports to operate microburst detection systems.  These systems provide enough advance warning of a microburst-induced wind shear to allow pilots enough time to take corrective actions.
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Box 12.3 Safety

The severe weather warning systems continue to improve.  Doppler radar and trained spotters have improved detection of severe weather. NOAA's improved Weather Radio network puts nearly everyone within range of direct weather broadcasts. Respond appropriately when severe weather warnings are issued. Below are safety guidelines for some severe weather conditions. More information is available at your local National Weather Service forecast office. 
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Lightning. Practice the 30/30 rule: take cover if you hear thunder within 30 seconds of the lightning flash and then wait at least 30 minutes after the last lightning flash before leaving the shelter.  If you are outside, get into an enclosed building.  Avoid being in or near high places and in open fields. If outside avoid all metal objects, such as flagpoles, metal fences, golf carts, baseball dugouts, and farm equipment.  If you are in a forest, seek shelter in a low area under a thick growth of bushes or small trees.  In open area, got to a low place and crouch down on the balls of your feet, don't lie down. Stay way from open water.. If your hair stands on end, lightning will soon strike.  Crouch down, stay on the balls of your feet and make as low a target as  you can, don't lie down.  Fully enclosed, all metal vehicles with windows rolled up usually provide good shelter from lightning - avoid contact with any metal. 

Tornado: In general try to get a low as you can.  Go into a tornado shelter, or the basement, or a small interior room, like the bathroom or closet.  Protect yourself from flying debris and stay away from windows. Don't bother opening or closing them as you put yourself at risk to flying debris, and it won't protect the structure anyway.  Protect your head.  Where bicycle or motorcycle helmets if available.  If you  are in mobile home or car, leave them and go to a strong building.  If there is no shelters nearby get into the dearest ditch or depression and protect yourself from flying debris. Tornadoes form quickly, so you may have only a few seconds to find shelter.

Flash floods: Stay away from streambeds, drainage ditches, and culverts during periods of heavy rain.  Move to high ground when threatened by flooding. Stay out of flooded areas. Never drive you car into water of unknown depth. Most flash flood related deaths occur when people drive into floodwaters. Never underestimate the power of moving water!

Keep safety in mind even after the storm passes.  Many dangers might exist after bad weather has left the area. Stay clear of downed power lines.  Do not touch them.  If you smell gas or suspect a leak, turn off the main value, get everyone out of the structure quickly, and open windows. If there is power outage, use flashlights instead of candles, which have open flames that might start a fire. After high winds use caution when walking around trees, as trees and tree limbs may be weakened and could fall unexpectedly. Deal with immediate problems, such as helping injured people until professional help arrives.

Table 12. The average number of weather related fatalities in the United States between 1972 and 1991.


Weather event�
Average deaths per year�
�
Flood�
146�
�
Lightning�
80�
�
Tornado�
69�
�
Hurricane�
17�
�
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