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Chapter 8  Atmosphere-Ocean Interactions

The most costly natural disaster the United States has experienced occurred in August 1992 when Hurricane Andrew hit Florida.  Hurricanes (Huracan = the Taino god of the wind) and typhoons (Taifung = Chinese for "great wind") are both tropical cyclones;  Hurricanes occur in the Atlantic Ocean and typhoons in the Pacific Ocean.  To qualify as a hurricane or typhoon the storm must have sustained winds exceeding 64 knots (74 miles per hour).  Though the high winds inflict damage when these storms hit land, it is the huge waves; storm surge and associated flooding that cause most of the destruction.  These ferocious atmospheric storms cannot survive without the moisture supplied by warm ocean water.  They are vivid examples of the coupling between the earth's oceans and atmosphere.  

Ocean currents and variations in oceanic water temperature have been known for many centuries. Benjamin Franklin was the first person to chart the Gulf Stream. He did this in 1769 based on his observations and those of the whalers off the coast of New England. Benjamin Franklin also made some careful observations of the atmosphere and was no doubt aware that interactions existed between the atmosphere and the ocean. This chapter explores the links between the atmosphere and oceans. 
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(Figure copied for Garrison, figure 2.21 - not sure where he got it.

Oceanography 

Oceanography is the study of the oceans. An understanding of weather and climate requires knowledge of oceanography because of the interaction between the atmosphere and the oceans. There are three important roles the oceans play in relation to weather and climate: 1) They are a source of atmospheric water vapor and 2) They exchange energy with the atmosphere and 3) They transfer heat poleward. 

Each year approximately 396,000 cubic kilometers (94,644 cubic miles) of water vapor circulates through the atmosphere through the hydrological cycle. Most of the water that recycles into the atmosphere comes from the oceans (Chapter 1). About 334,000 cubic kilometers (79,826 cubic miles) of water evaporates from the oceans every year. At any given time, the atmosphere contains approximately 15,3000 cubic kilometers (3,580 cubic miles) of water.  It takes approximately two weeks for all of the water in the atmosphere to be recycled. The oceans provide the majority of water needed to form precipitation.  

Exchanges of heat and moisture occur at the interface between the atmosphere and the ocean. Figure 8.1 shows the net energy gains and losses at this interface for winter and summer. These energy exchanges include latent heat, sensible heat, and radiative exchanges. On average, the ocean gains energy during summer and losses energy to the atmosphere in winter. So, on average the oceans warm in the summer and cool during the winter. These energy budget maps (Figure 8.1) are a measure of the average interaction between the atmosphere and ocean. Maximum exchanges of energy occur in the Northern Hemisphere winter to the east of North America and Asia.  Warm ocean currents flow northward in these regions (Chapter 3) and supply energy to winter storms that are leaving these continents heading eastward. As we will learn later in this chapter, warm ocean waters also supply the energy that fuels hurricanes. 

The rate of heat and moisture transfer, as discussed in Chapter 2, depends on the temperature difference between the air and the water and the winds.  Warm sea surface temperatures and strong winds are favorable for large heat exchanges between the ocean and atmosphere. So, it is important to understand where the warm waters of the oceans are and to know why they are there.  We learned in Chapter 3 that warm currents of the middle and high latitudes border the East Coast of some landmasses. Countries such as Norway have mild winters and small annual temperature ranges.  The West Coasts of landmasses that boarder cool waters, such as San Francisco, have low average temperatures and small annual ranges of temperature (Chapter 3).  This Chapter will discuss the origins of these cool and warm currents

Like the winds, the ocean currents transport heat from the tropics to higher latitudes. Figure 8.2 shows the poleward transport of heat in the Northern Hemisphere by the atmospheres and oceans required to balance the radiation budget, as discussed in Figure 2.20 (reproduced as an inset of Figure 8.2). The poleward transport of heat by the atmosphere is discussed in the previous chapter. At about 30( latitude, the atmosphere and ocean each transport about the same amount of heat.  Equatorward of 30( the ocean transfers the majority of heat required to maintain a balance. The atmospheric transport has a broad peak at around 30(N and 60(N. This transport of heat by the atmosphere and ocean is coupled to our current climate.  Any changes in the ocean circulation patterns may change the heat transport by the oceans and thus impact climate.

Changes in the ocean and its circulation patterns affect the atmosphere and visa versa. Solar energy is the primary source of energy that warms the oceans.  Atmospheric conditions determine the amount of solar energy reaching the ocean.  Cloud free conditions result in more energy entering the oceans while cloudy conditions reduce the solar energy reaching the surface.  Winds also play an important role in determining ocean temperatures.  The solar energy that is absorbed at the surface of the water can be mixed to deeper layers by the winds, which stir the upper layer of the ocean. 

Ocean Temperature 

Chapter 1 described the atmosphere based on vertical distribution of temperature. In the oceans, we are interested in the vertical distribution of water density. Observations of temperature with depth in the ocean at a given location reveal a vertical distribution as demonstrated in Figure 8.3. Based on measurements of temperature we can classify the ocean into three vertical zones. 

The characteristic feature of the top 100 meters of the ocean at a given location is a constant temperature. The uniform layer is called the surface zone or mixed layer. Wind driven waves and current mix this layer so that the temperature is relatively uniform. Only about 2% of the world's ocean waters are within the surface zone. The bottom layer, or the deep zone, lies below about 1000 meters and is composed of cold water with temperature between -1C to 3C (30.5-37.5F).  The temperature is uniform in this deep layer.  The transition zone between the surface and deep layers is the thermocline (therm means heat and clinare, to lean). In the thermocline temperature decreases rapidly with depth down to a depth of about 3000 feet. 

Thermocline is a zone of the ocean in which the temperature and decrease rapidly with depth. 
Figure 8.3 is a typical temperature distribution of the ocean with depth.  This temperature variation with depth is a function of latitude.  Figure 8.4 shows the temperature profile with depth for oceans typical of tropical, midlatitude and polar regions.  The deep zone temperatures are similar for all three regions.  The tropical waters have the warmest surface zone temperatures and the polar regions are the coldest. This is because the polar regions receives less solar energy. The tropical and midlatitude regions have the strongest thermocline. 

Sea surface temperature (SST) distributions

Interactions between the atmosphere and ocean occur at the surface transfer heat and moisture.  The distribution of sea surface temperatures is therefore important in meteorology.  Indeed, as we shall see later in this chapter, the sea surface temperature, or SST, determines the distribution of hurricanes.

Figure 8.5 shows the SST distribution in the world's oceans, with red regions representing warm water and blue regions cold.  There are a few general conclusions we can draw from this figure, in addition to the one already made regarding tropical waters being warmer than the polar waters.  These additional observations are:

1. Western coasts in the subtropics and middle latitudes are bordered by cool-water. 

2. Western coasts in tropical and subtropical latitudes are bordered by warm-water.

3. Eastern coasts in the mid latitudes are bordered by warm-water currents

4. Eastern coasts in polar regions are bordered by cool-water. 

In addition to the temperature distribution patterns, it is important to know in which direction these warm and cold waters are moving.  We know from energy transport principals that on average cloud waters move equatorward and warm waters poleward. 

  Ocean Currents

An ocean current is a massive ordered pattern of water flow. There are two basic types of ocean currents, surface currents and deep water currents. Surface currents occur in the uppermost 10% of the world oceans, 90% of the ocean waters circulate beneath the surface currents in the deep-water currents.

Like the atmosphere, the oceans are subjected to forces that determine the direction and intensity of the flow of water.  First we will list these forces and then discuss how they affect ocean currents. The primary forces that determine the ocean currents are: 

· Friction due to wind blowing over the water, 

· Gravity, which arises from differences in the height of the ocean surface due to thermal expansion and contraction, 

· Density differences that arise due to differences in water temperature and salinity, 

· Coriolis effect, just as the atmosphere is, and,

· The shape of the ocean basins. 

Surface currents
The wind and absorption of solar energy drive the ocean surface currents. Air blowing over the oceans transfers some of the energy from the moving air to the water. This causes the water to flow.  The surface current is comprised of the water flowing beneath the surface winds and extends to a depth of about 100 meters. 

As you learned in Chapter 6, the global wind patters are a function of latitude and at the surface can be broken down into three main patterns: the trade winds, the mid-latitude westerlies and the polar easterlies. The trade winds and the midlatitude westerlies have a strong influence on the ocean surface currents because they are steady and flow over large areas of open water. 

Gyre is a current that circulates around the periphery of an ocean basin.
Figure 8.6 shows the surface water currents. Warm water flows to the cold polar regions while cool waters flow equatorward. So, as in air currents in the atmosphere, ocean currents transfer heat poleward.  

In the tropics, the trade winds push water from one side of an ocean basin to the other, causing the water to pile up on one end of the basin.  Since the water is higher on one side, gravity will act to move the water down to lower heights, but it is opposed by the trade winds. As with the winds, the Coriolis effect acts over large distances.  In the Northern Hemisphere it acts to the right and to the left in the Southern Hemisphere.  This effect causes the to water to flow within the basin in a circular pattern called a gyre. Details of the North Atlantic gyre are shown in Figure 8.7, along with the fundamental surface wind direction. 

Solar heating also influences surface ocean currents.  Tropical regions receive more solar radiation than midlatitude and polar regions. So, just like the atmosphere, on average tropical waters are warmer than polar waters.  As water warms it expands. As a result, the sea level near the equator is about 8 centimeters higher than the sea level of mid-latitude oceans. Gravity causes water to flow edownhill, and so the water moves from tropics toward the poles. However, the Earth is rotating faster than the water can flow, so the water tends to flow toward the west, and the Coriolis effect moves it to the right contributing to the formation of the gyres.
As we learned in Chapter 6, friction and the Coriolis effect caused the wind to turn to right in the Northern Hemisphere. We see a similar effect in surface ocean currents. The surface water currents shown in Figure 8.7 are flowing at an angle of approximately 45( to the right of the surface winds. This results from a combination of friction and the Coriolis effect. These surface currents pull water below them so that the flow extends down approximately 100 meters (330 feet).  The direction of the currents changes with depth. This is illustrated in Figure 8.8 for a Northern Hemisphere current.  The direction of the water flow decreases with depth and rotates counterclockwise.  This spiraling motion is called the Ekman spiral. 

Ekman Spiral is an explanation of how wind blowing over the ocean surface can generate water flow below the surface.
To explain the Ekman spiral, let's divide the ocean into slabs of water. Starting with the top layer and working down into the ocean. Friction pushes the surface water and the Coriolis force moves the water to the right, and the water moves at a 45( angle to the right of the wind.  This shallow surface layer of water exerts a frictional drag force on the layer below. This moves the water below, but at a lower speed and the Coriolis force again bends it to the right. Each layer exerts a frictional drag on the layer below, but the flow decreases with depth as friction slows the water, explaining the decrease in water speed with depth. Each underlying layer of water turns to the right due to the drag exerted by the layer above and the Coriolis effect-explaining the clockwise rotation of the water movement.

The warm currents on the western side of the major Ocean basins (east coast of the continents) are called the Western Boundary Currents. The western boundary currents move over large distances. The Gulf Stream is the largest of these currents. Figure 8.9 is a detailed infrared satellite image of the Gulf Stream.  Note the looping meanders and eddies. Eddies form when the current loops and cuts-off an eddy (Figure 8.10) from the main flow. Warm eddies that form in the Gulf Stream rotate counterclockwise, while cold eddies rotate clockwise. Similar eddies can form in the upper regions of the atmosphere!

  Coastal Upwelling

Upwelling is a circulation pattern where cold nutrient-rich deep waters move to the surface. Upwelling can be generated along coastlines by the winds.
The wind-driven surface water can induce vertical motions of the upper layer of the ocean.  This process of inducing vertical motions is called upwelling. Coastal upwelling occurs along coastlines and brings cold, nutrient-rich water to the surface, an important source of nutrients for other marine organisms. Consider a wind blowing parallel to the shoreline.  This is a typical situation off the west coast of continents due to the presence of the subtropical highs. Friction causes the surfaces waters to move and the Coriolis effect deflects the motion of the water.  The resulting Ekman spiral causes the surfaces waters to move away from the shoreline.  As the surface water moves away from the coast it is replaced by water rising from below (Figure 8.11), which is nutrient rich and cold. The coastal upwelling is observed off the west coast of North and South America images of sea surface temperatures (Figure 8.5). 

Deep Water currents

About 90% of the world ocean currents occur in the ocean deep waters.  The slow circulation throughout the great depths of the oceans are driven by density differences in water.  Cold water is denser than warm water and saline water is denser than fresh water. Because the deep-water currents are driven by density difference it is also called a thermohaline circulation (therme meaning heat and halos salt).

An ideal thermohaline circulation is shown if Figure 8.12. As warm tropical surface water flow poleward in the surface layer, the water cools as it transfers heats to the atmosphere.  As it cools, the density increases. When the surface waters reaches the polar regions, the water is cold and it sinks.  This sinking occurs over a relatively small area near the poles. It moves toward the equator below the surface water and slowly rises to the surface to replace the surface water moving poleward. The upward motions are very slow, approximately 1 centimeter (about 0.5 inch) per day. 

El Niño 

What is El Niño

El Niño is a warming of the equatorial Pacific Ocean between South America and the Date Line. El Niño is a natural variation of the ocean and atmosphere and is not the result of human activities. El Niño is an excellent example of the interaction between the atmosphere and the ocean and how these interactions effect climate. 

The waters off the western coast of South America typically experience upwelling.  The deep ocean waters are cold and nutrient-rich. Every two to seven years shifts in winds and ocean currents bring warm water from the other side of the Pacific Ocean to displace the nutrient-rich cold water that normally wells up from deep in the ocean. This warming phenomenon typically first appears off the coast of South America around the Christmas season and lasts for several months. The term "El Niño", or "the Christ Child", was used by the fisherman along the coast of Ecuador and Peru, where the economy of the coastal communities depend on the cold nutrient-rich waters. The warm El Niño waters disrupt the marine food chain in the region and the local economy suffers from the loss of fish. We have recently recognized that El Niño is linked to shifts in global weather patterns.

Under normal conditions, the SSTs (sea surface temperature) off Peru are cold due to coastal upwelling and waters in the western equatorial Pacific are warm. Sea surface temperatures off South America's west coast range from the 60s to 70s°F, while SST are greater than 80°F in the central and western Pacific. The steady easterly trade winds push the water towards Australia and Indonesia. As the water flows westward it warms due to absorption of solar energy and heat exchanges with the atmosphere. Over the western Pacific Ocean, the warm water evaporates and is accompanied by precipitation (Figure 8.13a). An El Niño is triggered when the trade winds weaken or reverse direction.  This allows the large mass of warm water that has piled-up near Australia and Indonesia to move eastward along the equator until it reaches the coast of South America.

During an El Niño event, there are two very distinct changes in the equatorial Pacific Ocean: 1) Cold coastal waters are replaced by warm waters and 2) the height of the ocean surface drops over Indonesia and rises in the Eastern Pacific. Satellites can measure both of these features with an active sensor called an altimeter. Figure 8.14 shows global deviations in the height of the ocean surface as measured by a NASA satellite. The difference in height between the eastern and western tropical Pacific Ocean is more than 60 centimeters (12.5 feet)! It is important that satellites can measure the height of the ocean surface because this is the first thing to change in and El Niño event.  Satellite observations can predict El Niño, and improve seasonal weather forecasts! 

How does El Niño affect global weather patterns?

Rain clouds follow the warm water, affecting regional precipitation patterns. With the El Niño, the western Pacific experiences below normal precipitation as the heavy rains move eastward towards South America (Figure 8.13b). The shift in the large tropical rain clouds alters the typical pattern of the jet stream. The tropical convective systems disrupt upper air patterns much like islands modify the winds that blow on them, only on a much larger scale. This shift in the jet stream impacts global weather patterns (Figure 8.15).

To determine the impact of El Niño on global climate patterns, meteorologists compare average weather conditions with weather conditions experienced during an El Niño year. There have been seven recent major El Niño events: 1957-58, 1965, 1968-69, 1972-73, 1976-77, 1982-83, 1986-87, 1991-92 and 1994-95. The 1982-83 El Niño was the strongest of this century. Figure 8.16 compares differences in temperature and precipitation between normal and El Niño years for winter and summer conditions. The impacts of El Niño upon climate in temperate latitudes show up most clearly during wintertime. During an El Niño event, a weak polar jet stream forms over eastern Canada s and as a result a large part of North America is warmer than normal. During winter, the southeast United States experiences above normal precipitation. The increased rainfall across the southern United States and in Peru has caused destructive flooding. Drought in the West Pacific has also been associated with devastating fires in Australia and Indonesia. 

With El Niño conditions, changes in precipitation and temperature patterns have an effect on snowfall in the United States (Figure 8.17). In the Southwest, there is a slight tendency toward cooler winters, and a strong tendency toward wet winters, which makes higher elevation snowpack deeper. In the Pacific Northwest, El Niño winters are warmer and drier than usual, so that at a given elevation there is less precipitation and the freezing level is at a higher altitude. The type of precipitation is more likely to be rain and the accumulation season is shorter. These factors produce a smaller snowpack accumulation by the end of winter in the Pacific Northwest. A significant reduction in total winter snowfall also occurs in the Midwest and New England regions during strong El Niño.

Atmospheric scientists have recently realized that the El Niño is associated with a seesaw of atmospheric pressure between the eastern equatorial Pacific and Indo-Australian area.  This seesaw in pressure is referred to as the Southern Oscillation. Scientists have been studying this oscillation since the 1890s. The Southern Oscillation is an irregular fluctuation of atmospheric conditions over the Indian and Pacific Oceans. Generally, when pressure is high over the Pacific Ocean, it tends to be low over the eastern Indian Ocean, and vice versa. The Southern Oscillation is monitored by measuring sea-level pressure at Tahiti in the east, and at Darwin, Australia in the west. The difference in the pressure at these locations is called the Southern Oscillation Index (SOI). With a high positive SOI pressure is high in the western Pacific, the trade winds are strong and rainfall in the warm western tropical Pacific is plentiful.

The Southern Oscillation is closely linked to the El Niño. High negative values of the SOI represent an El Niño, or "warm event." El Niño and Southern Oscillation often occur together, but also happen separately. When an El Niño and Southern Oscillation occur together, the event is referred to as ENSO. 

La Niña 

Is La Niña the opposite of El Niño?

La Niña is defined as cooler than normal sea-surface temperatures in the eastern tropical Pacific Ocean. La Niña is the counterpart of El Niño. In a La Niña event, the sea surface temperatures in the equatorial eastern Pacific drop well below normal levels. Intense trade winds move warm surface waters of the Pacific westward, while increase cold water upwelling in the eastern equatorial Pacific. Figure 8.18 compares the sea surface temperature and winds for three Decembers, a normal year, and El Niño year and a La Niña year. La Niña years often, but certainly not always, follow El Niño years. La Niña conditions typically last for 9-12 months but on occasion may persist for as long as two years.

Both El Niño and La Niña impact global climate patterns. In many locations, especially in the tropics, La Niña produces the opposite weather departures from El Niño. During La Niña, weather is drier than normal in the Southwest U.S. in late summer through the subsequent winter and in the Southeast in the winter. Drier than normal conditions also typically occur in the Central Plains in the fall. With a well-established La Niña the Pacific Northwest is wetter than normal in the late fall and early winter. As for temperature distributions in the US, on average La Niña winters are warmer than normal in the Southeast and colder than normal in the Northwest (Figure 8.19).

Tropical Cyclones: Hurricanes and Typhoons 

What are they?

The Earth’s atmosphere and oceans can interact in all sorts of ways.  We’ve already seen what happens when the vast Pacific and the air above it “talk” to each other over periods of several years: El Niño and La Niña.

A different kind of weather feature develops when certain regions of the tropical oceans interact with the atmosphere during the summer and fall of each year.  From space, they look like large circular swirls of clouds (Figure 8.20).  They tend to be a few hundred miles (several hundred km) in diameter.  These swirls are clearly much bigger than an individual thunderstorm, but are also much smaller than the global circulations induced by El Niño.  

Tropical cyclones are storms driven by atmosphere-ocean interactions on time and space scales shorter than El Niño-Southern Oscillation.  In the Americas, the worst of them are called hurricanes.  In the western Pacific they are called typhoons.  
Because of the location of their birth and their pattern of clouds, these swirls are given the generic name tropical cyclones.  In the tropical regions of North and Central America, the worst of them are called hurricanes.  Residents of the western Pacific call them typhoons.  In most other parts of the world, such as the Indian Ocean, they are simply called “cyclones.”  In an average year, about 5 or 6 hurricanes form in the Atlantic and the Gulf of Mexico, 9 in the eastern Pacific off of Mexico, and 16 typhoons in the western Pacific Ocean.   

Regardless of their name, these storms are the most highly organized and destructive weather patterns on Earth.  A hurricane in 1900 hit Galveston, Texas and killed approximately 8000 people.  A cyclone ravaged Bangladesh in 1970 and killed 300,000 people.  And in 1992, Hurricane Andrew blew through southern Florida and caused about $25 billion in damage (Figure 8.21).  Table 8.1 lists the most damaging hurricanes to hit the U.S., including many mentioned in this chapter.  To save lives and property, we need to learn more about these remarkable storms.  

  What do they look like?

The clear area of lowest pressure at the center of a strong tropical cyclone is called the eye.  The circular region of strong thunderstorms immediately surrounding the eye is called the eye wall.  
The name “tropical cyclone,” plus photographs of these storms, reveals quite a bit about their makeup.  As we learned in Chapter 6, a cyclone is a center of low pressure.  Weather satellite photographs (Figure 8.22) indicate that the innermost part of a strong tropical cyclone’s center is almost entirely clear of clouds.  This region is known as the eye.  The eye can be as small as 5 miles (8 km) across, or as large as 50 miles (80 km) or more in diameter.  Immediately surrounding the eye is a narrow, circular, rotating region of intense thunderstorms called the eye wall.  The eye wall winds thrust up as much as a million tons of air every second.  Figure 8.23 shows you the cumulonimbus clouds of the eye wall from the perspective of an airplane flying inside the eye itself!  

Perhaps the most remarkable aspect of the hurricane is its near-perfect circular pattern of the eye and the surrounding cloudiness, which is especially true for the most intense tropical cyclones.  Like a 360º slam dunk in basketball, the whirling circles-within-circles of a strong hurricane are evidence of a rare combination of power and coordination.  Next, we learn where the power of tropical cyclones comes from, which is intimately related to where they develop.

How and where do they form?

Tropical cyclones are essentially large weather engines.  Any engine needs energy to run.  In Chapter 7 we learned that the unequal heating of different parts of the Earth by the sun drives the huge engine of global weather and climate.  But the tropics are another matter, since temperature contrasts there are usually small.  Warm air, warm water—it sounds like an advertisement for a vacation cruise, not a prelude to stormy weather!

The “secret” energy source of a tropical cyclone is the large latent heat of water, which we first discussed in Chapter 2.  Air over the tropical oceans is drier than you might think.  This is because the trade winds are partly made up of air that has descended from above, part of the downward branch of the Hadley Cell we studied in the last chapter.  Even though the air and water may both be warm and calm, evaporation can take place because the air is not at 100% relative humidity.  Silently and invisibly, water changes from liquid to vapor and enters the atmosphere.  The energy required to make this change comes from the sun, and it is lying in wait—“latent”—ready to be released when the vapor is condensed into liquid again.  This happens in rising air in a cloud or thunderstorm.

However, this process is not enough by itself to power a tropical cyclone.  A tropical cyclone adds fuel to its own fire by drawing surface air toward its low-pressure center (see Chapter 6).  The tight pressure gradient nearer the center means that the winds are stronger and stronger as the air approaches the eye.  The faster the wind blows, the more evaporation takes place (this is why you blow-dry your hair or hands instead of merely warming them). Increased evaporation means more water vapor in the air and more energy ready to be liberated in the tropical cyclone’s thunderstorms as water vapor condenses.  Evaporation and condensation of water, in short, are the key to understanding the tropical cyclone’s power. Figure 8.24 summarizes the atmosphere-ocean interactions that fuel it.

How strong is this engine?  The energy released due to condensation in a single day in an average hurricane is at least 200 times the entire world’s electrical energy production capacity!  Part of this energy goes into reducing the central pressure of the storm and strengthening the winds.  Figure 8.25 shows the minimum possible central sea-level pressure for a tropical cyclone based on sea surface temperatures in an average September.  Notice how low the pressures can go: below 900 millibars in some regions! Tropical cyclones can create the lowest sea-level pressures observed on Earth, the record being 870 mb— about the same surface pressure as at Denver, Colorado, the “Mile-High City”! Figure 8.25 also shows us where tropical cyclones develop.  The very lowest pressures, and therefore the strongest possible tropical cyclones, are located in the regions of warmest ocean temperatures.  In regions with SSTs below 26.5ºC (80ºF), no numbers for pressures are shown because tropical cyclones cannot form there.  This is the fundamental reason why they are tropical cyclones. But why only in the tropics?  Because, as we discussed in relation to El Niño, evaporation rates increase very quickly the warmer the temperature is.  In other words, a few degrees’ difference in SSTs can be the difference between no storm, a run-of-the-mill tropical cyclone, and a record-setting hurricane. 

Some low-latitude regions are not conducive to tropical cyclone development.  The far eastern boundaries of the tropical oceans are home to cool ocean currents, as we learned earlier in this chapter.  The ocean temperatures are below 26.5ºC, and therefore tropical cyclones do not form there.  

Tropical cyclones also do not form within about five degrees of latitude of the equator.  The sea surface temperatures there are definitely warm enough for tropical cyclones.  But tropical cyclones never form near the equator.  Why is this so?  Because, as we learned in Chapter 6, the Coriolis force is very small near the equator.  This means that air tends to flow straight into low-pressure centers there.  The low cannot intensify because it “fills up” before the pressure can drop very much.

  How are they structured?

Now that we know the power source for tropical cyclones, we can explore their remarkably coordinated structure in more detail.  

The pattern of winds in a tropical cyclone is fascinating, and we can explain it fairly easily.  Figure 8.26 is a time series of wind speeds when powerful Hurricane Celia passed directly over a weather station in Texas.  The winds of a tropical cyclone are strong, and consistently strong for many hours.  The bull’s-eye of isobars around the eye of the tropical cyclone ensures that it is a big blow, as we learned in Chapter 6: a strong pressure gradient means a strong wind.

The opposite is true in the eye of the tropical cyclone, as Figure 8.26 reveals.  As the eye passes over a location it causes a nearly calm “halftime” in-between the front and back sides of the storm.  Why?  The air spiraling into a strong tropical cyclone rises in the eye wall, and it is there that the strong pressure gradient ceases. Instead, air sinks gently from above.  We learned earlier that sinking air warms adiabatically and is very stable.  Therefore, this is why the eye in a strong storm is cloudless (except for some harmless cumulus and cirrus clouds), calm and warm.  

Wind shear is the change of wind speed and/or direction as you go up in the atmosphere.  Tropical cyclone circulations are disrupted by large amounts of wind shear.
Sinking air suggests an anticyclone (Chapter 6).  Indeed, one of the hallmarks of a strong tropical cyclone is an intense low at the surface and a high-pressure center or ridge near the tropopause.  Generally, the stronger the cyclone, the stronger the upper-level ridge or high.  This high is partially caused by the cyclone itself. Without it, the cyclone cannot remove air quickly enough from the eye to keep its pressure low. Therefore, the nearby presence of an upper-level low or trough, or even a high-speed jet stream, is enough to weaken or destroy a tropical cyclone.  The weakening in these cases is attributed to wind shear, meaning that the winds are changing fast enough as you go up to disrupt the cyclone’s own high-building process at those levels.  Figure 8.27 is a schematic view of how the winds in a hurricane differ in the lower and upper levels in both growing and weakening cases.

The rainbands of a tropical cyclone are the spirals of clouds and thunderstorms that curve into the eye wall and supply the cyclone with its “fuel source” of moisture.
The radar image of Hurricane Hugo in Figure 8.28 illustrates two more important features of tropical cyclones.  First, notice that the radar-reflecting rain in this hurricane, like most, is not symmetrically distributed like the winds.  Instead, the heaviest rain is contained in spiral rainbands that curve into and blend with the eye wall.  This characteristic of tropical cyclones, so fundamental that it is incorporated into the weather-map symbol for them, is still not well understood by meteorologists.  This is one of many reasons that “hurricane hunters” still fly planes into these storms and gather weather data such as that shown in Figure 8.27; Box 8.1 explains the work of “hurricane hunters” in more detail.

The second feature can be seen in the wind measurements from aircraft that are overlaid on the radar image in Figure 8.28.  The winds are strongest on the north and east sides of the cyclone.  Surprisingly, this is not because the pressure gradient is different on one side of the storm versus another.  It is because the storm’s forward motion adds or subtracts from the winds.  In the same way, if you throw a baseball out of a moving car, the baseball’s velocity is the combination of the velocity of the ball and the velocity of the car.  Figure 8.29 shows that the storm’s forward speed adds to the wind on the right side of the eye, but subtracts from the wind on the left side of the eye.  As a result, the difference in wind on the right versus the left side of the eye is twice the cyclone’s forward speed.

We now know quite a bit about the organization of a tropical cyclone.  The fact that these storms are given names (Box 8.2) suggests that, like people, they are unique and have “lives” just like people.  And so next we examine the life cycle of a typical tropical cyclone.

  What are the different stages of their “lives”?

Tropical cyclones usually begin small, as tropical disturbances.  These disturbances are not even low-pressure centers, just a disorganized clump of thunderstorms.  In the Atlantic Ocean, these disturbances take the form of easterly waves in the wind patterns that move along with the easterly jet stream across Africa and into the extreme eastern Atlantic.  Easterly waves are also seen along the Pacific coast of Mexico; Figure 8.30 shows an example of tropical disturbances and a tropical wave in the Gulf of Mexico and the Pacific.  

The life cycle of a strong tropical cyclone in the Atlantic follows this pattern: it is born as a disorganized tropical disturbance, probably as an easterly wave in the winds off Africa.  Then it develops into a rotating tropical depression, gathers strength and becomes a tropical storm, intensifies further and develops an eye as it becomes a hurricane.  Finally, it dissipates over land or cold ocean waters, or else loses its tropical nature and becomes an extratropical cyclone.
The vast majority of tropical disturbances die without growing any stronger.  However, about 1 in every 10 develop a weak low-pressure center of roughly 1010 mb.  Once the low-pressure center is identified and cyclonic rotation is noticed in the winds, the tropical disturbance is called a tropical depression.
Some, but not all, tropical depressions gain more strength.  Their central pressures drop below about 1000 mb, the pressure gradient between the center and the edge of the storm increases, and the winds strengthen.  When the winds in a depression consistently reach 39 mph (about 60 km/hr), a tropical storm is “born” and given a name (see Box 8.2).  

Roughly half of tropical storms intensify further.  Their central pressures drop below about 990 mb and their winds keep strengthening due to the increasing pressure gradient as shown by the tightening of isobars around the center.  An eye forms that can be seen in visible or infrared satellite pictures.  When the highest sustained winds in a tropical storm reach 74 mph (120 km/hr), it is reclassified as a hurricane or a typhoon depending on where it is.  A few typhoons develop that have winds above 150 mph (240 km/hr) and are called, appropriately enough, super typhoons.  

After one or two weeks (in rare cases a month), even the strongest of hurricanes and typhoons lose their strength or “dissipate.”  They dissipate because they move over colder water or land, away from their energy source.  On a few occasions a hurricane will make the transition from a tropical, warm-water cyclone to an extratropical cyclone (Chapter 10) with cold air and fronts near its center.

What does the mature portion of a hurricane’s or a typhoon’s life cycle look like?  Figure 8.31 shows the evolution of Hurricane Georges over ten days in September 1998, all superimposed on the same map.  Notice how the appearance of the eye changes with time. Meteorologists routinely use the appearance of the eye in satellite images to estimate the strength of hurricanes.  Using this figure, we can learn how they do it while studying Georges’ growth and decay.

Figure 8.31 shows an eye is forming in the center of Georges on September 18th.  The peak winds in Georges at that time are around 95 mph.  This matches our expectations; as we learned earlier, eyes generally form in tropical cyclones when they strengthen to hurricane status.  As the storm strengthens to 145 mph on the 20th, the eye becomes better defined and then shrinks into a tight narrow pinhole only a few miles across.  This is a fairly good rule of thumb: the stronger the hurricane or typhoon, the smaller the eye and the more nearly circular the storm appears on satellite pictures.  

George’s eye is hard to identify when the cyclone then moves over land during September 21-25, even over small Caribbean islands.  This is because the mountains of these islands, combined with the lack of warm water underneath, disrupt the hurricane’s circulation and cause a weakening of winds and the disappearance of the eye.  During this period, Georges is strongest on the 22nd, with winds of 110 mph.  Not coincidentally, this is when the eye is most easily seen and when Georges has temporarily moved over water again.  

Judging from the hurricane’s appearance, Georges never regains its strength after passing over Cuba.  Just a hint of an eye can be made out when Georges crosses the Gulf of Mexico on the 26th and 27th with top winds of 100 mph.  In the final image from September 28th, the cyclone no longer has an eye or even a clearly circular shape.  It is over land along the coast of Mississippi, and its winds rapidly weaken to below hurricane and even tropical storm status during the next day.  Georges, over land and away from warm tropical waters, dies.

Meteorologists have recently discovered that the life cycle of a tropical cyclone over water is strongly affected on a day-to-day basis by the sea surface temperatures beneath it.  In Figure 8.32, the evolution of Hurricane Floyd in 1999 is shown as a succession of circles whose color and size indicate the maximum sustained wind speeds at different times.  Underlying the dots, satellite observations of ocean temperatures are shown for the same period.  Floyd increases from a minimal hurricane to one packing winds over 130 mph at the same time that the storm moves over waters that were significantly warmer than the 26.5ºC threshold for cyclone formation and growth.  

Later, Floyd weakens as it nears land because it passes over cooler waters to the east and west of the very warm Gulf Stream.  These waters cooled because an earlier hurricane, Dennis, stirred up the oceans near the North Carolina coast and brought cooler water to the surface in much the same way as described in the La Niña section of this chapter.  Finally, Floyd, like Georges, diminishes to tropical storm status after its circulation leaves the ocean and moves over land.  The presence of warm water beneath the storm’s circulation is a major key to understanding tropical cyclone strength.

  What does a year’s worth of tropical cyclones look like?

Now that we have a sense of the life cycle of a single tropical cyclone, let’s look an entire season’s worth of cyclones to see how different storms evolve at different places and times in the year.  Figure 8.33 shows the paths and stages of the different tropical storms and hurricanes that affected the Atlantic Ocean, Gulf of Mexico, and Caribbean Sea in 1995—all 19 of them!  We can use this modern record-setting year for tropical cyclones to illustrate the seasonal cycle of their development.

Hurricane “season” carefully follows the seasonal cycle of sea surface temperatures.  This is not the same as saying “hurricanes form in summer”!  Because it takes time for the oceans to warm up, the Atlantic hurricane season doesn’t officially start until June 1 and lasts until November 30.  In rare instances, hurricanes can form even in December; the calendar isn’t the important thing, the sea surface temperatures and the lack of wind shear are.  The peak of hurricane activity in the tropical waters south and southeast of the United States is typically in early-to-mid September.

In Figure 8.33, we see that the early-season cyclones tend to form in the Gulf and the western Caribbean.  Why is this the case?  Largely because these smaller bodies of water are able to warm up more quickly than the Atlantic and reach the magic 26.5ºC threshold first.

A Cape Verde hurricane is an especially dangerous type of tropical cyclone that develops out of an easterly wave near the Cape Verde Islands, which are just off the western coast of Africa.
By late August and September, attention shifts to the eastern Atlantic.  Around this time, potentially dangerous “Cape Verde” cyclones develop from easterly waves off the coast of Africa and travel thousands of miles across open water, gathering strength each day.  Even though they begin life far from land, Cape Verde cyclones are cause for worry: Approximately 85% of intense hurricanes in the Atlantic begin as easterly waves.  In 1995, Luis developed south of the Cape Verde Islands, intensified to hurricane strength by August 30th, and roared northwest and then northeast for the next 12 days before becoming an extratropical cyclone east of Canada!

In October, the Atlantic is cooling and the mid-latitude weather patterns cause enough wind shear to reduce the threat of Cape Verde hurricanes.  At this time, the still-warm Caribbean and Gulf of Mexico can give birth to late-season cyclones.  For example, in 1995 Hurricane Opal developed along the Caribbean coast of the Yucatan Peninsula, wandered into the southern Gulf of Mexico, and then rapidly intensified over especially warm Gulf waters as it moved toward the north-central Gulf Coast on October 4th!  Fortunately, it weakened just as quickly, sparing Alabama and the Florida Panhandle from terrible damage.

The Bermuda high is a subtropical anticyclone over the Atlantic Ocean in summer that steers tropical cyclones toward the west and northwest.  These cyclones often later recurve or change direction toward the northeast, pushed by mid-latitude weather systems.
Another aspect of the seasonal cycle of tropical cyclones is seen in Figure 8.33.  Notice that the paths of most of the Atlantic storms tend to follow the same arcing track, first moving west or northwest and then “recurving” toward the northeast.  Why do they do that?  Tropical cyclones are low-pressure centers near the surface, and they tend to move around the edge of the large surface “Bermuda high” that sits over the Atlantic in summer.  (This high is part of the belt of subtropical anticyclones that are associated with sinking air in the Hadley Cell that we studied in the last chapter.)  So, the early-stage paths toward the west or northwest mark the southern and western edges of this high.  In 1995, the high did not extend very far west; this was a key reason why this bumper crop of Atlantic tropical cyclones did not cause record-setting damage to the U.S. East Coast.

The recurvature of Atlantic tropical cyclones to the north and northeast is partly due to the storms’ continuing to skirt the edge of the Bermuda high.  However, another factor is involved: the wind patterns of the mid-latitudes.  By August and September, it is not uncommon to have extratropical cyclones push southeast out of Canada and bring with them strong winds at high altitudes.  These jet stream winds help sweep tropical cyclones ahead of them, toward the northeast, while disrupting their circulation and weakening them as the cyclones head out over cold Atlantic waters.  

Recurving tropical cyclones often accelerate rapidly.  The Great New England Hurricane of 1938 roared across Long Island at an estimated forward speed of 60 mph!  Based on our earlier discussion of the effect of forward motion on overall storm winds, this means that people to the right of the hurricane’s eye in Rhode Island experienced winds 120 mph faster than did luckier residents (including the co-author’s father) near New York City who were to the left of the eye.  

It should be stressed that every hurricane season is different.  In 1995 there were 19 hurricanes but none did significant damage. But, 1992 is remembered as a terrible year for hurricanes in the U.S. because Hurricane Andrew ravaged Miami in August 1992.  However, Andrew was the only major hurricane that entire year!

  How do tropical cyclones cause destruction?

Tropical cyclones are the Michael Jordan of weather systems: they can beat you using every skill at their disposal.  Some cyclones damage and kill with wind; others with seawater; still others with rainwater.  A few rare storms combine all three.  To preserve life and property, we have to understand how to defend ourselves against such a multi-skilled opponent.  Below, we examine this “triple threat” of tropical cyclones in more detail.     

  Wind

The Saffir-Simpson scale is the system by which hurricanes are classified on a scale from 1 (minimal hurricane) to 5 (catastrophic hurricane), based on potential wind and seawater damage.
The most obvious threat of a tropical cyclone is the powerful winds associated with its incredibly tight pressure gradient, which as we have seen can blow in a single spot for many hours.  Damage is inevitable; a 200 mph wind gust in the most severe cyclones can exert a weight of thirty tons against the wall of a house!  Wind damage is such a hallmark of hurricanes that they are classified by meteorologists using the Saffir-Simpson scale, which rates hurricanes on a scale of 1 to 5 based on the damage their winds (and storm surge, see below) would cause upon landfall.  Table 8.2 explains the Saffir-Simpson scale and relates the observed damage to estimated wind speeds.  Figure 8.34 is a unique before-and-after photograph of wind damage due to Hurricane Andrew—a Category 4 hurricane on the Saffir-Simpson scale.  

Fortunately, most hurricanes do not reach the 150+ mph winds linked with the highest category on the Saffir-Simpson scale.  In the past century, only three of these “Cat 5” hurricanes have crossed the United States coastline: the Labor Day Storm of 1935 in Florida, Hurricane Camille in Mississippi in 1969, and Hurricane Allen at the southern tip of Texas in 1980.  While Camille caused major damage along the Gulf Coast, the other two hurricanes caused much less damage.  

Why can the damage due to similarly intense storms differ so much?  The Labor Day storm was intense but very small; it caused extensive damage in the Florida Keys but Miami was left unscathed.  Hurricane Allen diminished in intensity just prior to landfall and struck one of the few stretches of the Gulf Coast that was not covered with expensive beachfront buildings.  The amount of damage depends not only on the size and strength of the storm, but also on what is in its way!  This is particularly relevant to the United States, where over 50% of the population will soon live within 50 miles of the ocean.  This boom in coastline development means that damage due to tropical cyclones will continue to increase, even as meteorologists learn more about the storms and how to protect against them.

To add insult to injury, hurricanes also contain smaller whirlwinds inside them that can cause additional damage.  Upon landfall, nearly every hurricane produces at least one tornado (Chapter 11) that wreaks localized havoc in a narrow path for a few miles at most.  In Hurricane Andrew, meteorologists identified tornado-sized “mini-swirls” that tacked on more miles per hour to Andrew’s already powerful winds.  These mini-swirls helped cause the worst damage due to Andrew, as seen in Figure 8.21.   Houses just a few blocks away escaped with much less damage, due to the local nature of the mini-swirls.

   
 Seawater

Storm surge is a “wall of seawater” pushed by tropical cyclone winds onto land that causes most storm-related deaths.
The winds in a tropical cyclone push ocean water along with them.  The stronger the wind, the more water is “piled up” by the winds (Figure 8.35).  As the cyclone nears shore, the winds to the right of the eye, which blow onshore, push this water inland.  This dome of water is usually about 50 miles wide, causing massive flooding near and to the right of the eye where it makes landfall.  This process of wind-induced flooding by seawater is called storm surge.  It is extremely rapid; in Galveston in 1900, two different observers reported that the sea level rose four feet in just a few seconds.

Storm surge is by far the deadliest weapon in the tropical cyclone’s arsenal, causing as much as 90% of all hurricane-related deaths.  In short, this is because water is heavier than air.  The brute force of even a small storm surge dwarfs the strongest wind gust.  Anyone dragged underwater then is at great risk of drowning.  Hundreds of thousands of people in low-lying Bangladesh have died by drowning in storm surges.  The 8000 or more deaths in Galveston, TX in 1900 were primarily due to the 15-foot storm surge there (see Figure 8.36).  Thanks to warnings, Hurricane Andrew’s 17-foot storm surge was not a major killer—but it did severely damage the world headquarters of Burger King, located on the coast just south of Miami. 

  Rainwater

A tropical cyclone that has moved over land may seem to be dying, but it still has one last knockout punch left: flooding due to heavy rains.  Tropical cyclones, even relatively weak storms that never attain hurricane status, are capable of record-setting amounts of rainfall over land.  In 1979, weak Tropical Storm Claudette dropped over 40 inches of rain in a single day in southern Texas.  The rain was so heavy that rain gauges were too small to use; open garbage cans were later used to quantify the deluge!  Hurricane Camille is said to have dumped 30 inches of rain in six hours on the James River Valley of Virginia three days after its 200 mph winds raked Mississippi; the resulting floods and mudslides killed 109 people.

More recently, Hurricane Floyd (see Figure 8.32) illustrates the damage possible due to a tropical cyclone’s rainwater.  By the time Floyd reached the coastline of North Carolina, Floyd’s winds had weakened to Category 2 on the Saffir-Simpson scale.  Its ability to do wind-related damage had diminished, but its capacity to cause destruction with flooding rains had not.  The floods that ensued along the U.S. East Coast (Figure 8.37) accounted for the majority of Floyd’s death toll of 57—more than due to the stronger Andrew, and the most in the U.S. since another flood-producer, Agnes in Pennsylvania in 1972.  Damage due to Floyd was estimated at $6 billion.  

Tropical cyclones are part of the overall pageantry of weather, however, and they do good as well as harm.  Their winds blow down forests and make way for new growth.  Storm surges carve new channels and cleanse wetlands.  The rainfall from many a tropical storm, or even a wave or disturbance, is enough to save crops from summertime and autumn droughts.  From a human perspective, however, tropical cyclones are generally far too much of a good thing in all respects, and must be anticipated and avoided if at all possible.  We explore the forecasting of tropical cyclones below.

  How do we observe and forecast tropical cyclones?  Past, present, and future

A Category 4 Cape Verde hurricane bears down on a major American city from the open seas.  In Galveston in 1900, almost 10,000 people die as a result.  In Miami in 1992, the storm directly kills only 15.  The enormous difference in death tolls is explained by the vast improvements in hurricane detection, forecasting and warning made during the 20th century.

In 1900, weather satellites did not exist, the global network of weather observations was in its infancy, and countries did not routinely share weather data.  The U.S. Weather Bureau was even afraid to use the word “hurricane” in its statements, to avoid undue concern!  In the case of the Galveston hurricane (Figure 8.38), the Weather Bureau ignored reports from Cuban meteorologists and expected the storm to recurve as usual to the northeast along the U.S. East Coast.  Assumption became “fact” as the official government reports stated, wrongly, that the storm was traveling northeast in the Atlantic.  Instead, a high-pressure system shunted the hurricane far to the west through the Gulf of Mexico.  The hurricane did not recurve until it hit an unprepared Galveston.  Even Galveston’s chief Weather Bureau meteorologist was forced to ride out the storm in his floating house, so unexpected was the storm’s fury.  Chicago was surprised by hurricane-force wind gusts by the recurving storm!  Failed forecasts of “fair, fresh” weather based on a lack of scientific understanding and observations cost thousands of lives.

In 1992, Hurricane Andrew was tracked from its earliest stages by weather satellite—the biggest single advance in hurricane detection and forecasting in the 20th century.  When Andrew made a sudden course change and intensified rapidly, the National Hurricane Center (NHC) in Miami knew it about it within hours and immediately changed their expectations for when and where the storm would make landfall, and how strong it might be when it did.  “Hurricane hunter” aircraft flew into the storm to get precise observations of the storm more accurate than satellite-based estimates.  Hurricane watches were issued for southern Florida, as they always are when a hurricane may threaten a region within the next 36 hours.  The watches were upgraded to warnings when it became likely that Andrew would hit the Miami vicinity within 24 hours.  All of this information was widely disseminated to the public through government and media sources (Box 8.3).  Finally, weather radar followed the storm all the way into NHC’s backyard of Miami.  Figure 8.39 is the last scan of NHC’s radar before Andrew’s 164 mph winds blew the radar dish off the building’s roof!  This amazing level of detection and surveillance is conducted for each and every hurricane that threatens the United States.  For this reason, deaths due to hurricanes have decreased drastically in the U.S. in the past century.

Accurate observation of each tropical cyclone is one important advance in forecasting.  Recently, computer models (see Chapter 13) of hurricanes have improved enough that they are used to anticipate, several hours or a day in advance, what a particular hurricane will do.  These models are still not good at capturing the quirky changes in direction and intensity of hurricanes, but are getting better each year.

The most exciting advance in tropical cyclone prediction is based on an intelligent understanding of the structure of these storms.  During the 1980s and 1990s, Colorado State University meteorologist Prof. Gray developed and refined a method for forecasting tropical cyclones in a statistical, seasonal sense.  His method wouldn’t have told you if Andrew would hit Miami on August 24th, but it will tell you up to a year ahead of time if the next hurricane season will probably see more than its usual share of hurricanes in the Atlantic.  

Prof. Gray’s forecasts are based primarily on the El Niño cycle, rainfall in the Sahel region of Africa, and the direction of winds in the lower stratosphere.  A novice to tropical cyclones might wonder why these parameters could help one predict the number of storms in a given year.  Based on our discussion of atmosphere-ocean interactions, they make sense.  Earlier in this chapter we saw that El Niño leads to a strong jet stream over the subtropics.  This jet shreds the carefully organized circulation of hurricanes.  On average, then, El Niño years are low-hurricane years, and La Niña years are high-hurricane years.  High rainfall in the Sahel means lots of thunderstorm “seedlings” that move east and develop into easterly waves and, sometimes, into Cape Verde hurricanes.  Finally, strong winds in the lower stratosphere, like upper-tropospheric jet streams, lead to wind shear that disrupts the upper-level winds of a growing hurricane.

The accuracy of Prof. Gray’s forecasts is demonstrated in Figure 8.40.  In about 7 out of every 10 years, his methods can accurately predict whether a given hurricane season will be more active or less active than normal.  This is not the same as predicting a specific hurricane in a specific location in advance, a task that 21st century meteorologists must tackle.  However, it is a vast improvement upon expectations based on climatological records, and is helping coastal residents as well as businesses and insurance companies prepare months in advance for the chance of damaging storms.  As we will see later in Chapter 13, these kinds of long-range statistical predictions are the future of weather forecasting.

Summary

Based on temperature, the vertical structure of the can be classified into three basic layers, the surface zone, a deep-water zone and a transition zone. In the bottom layer, or the deep zone, the temperature is uniform with depth.  The surface zone is the warmest layer, and is warmest in the tropical waters.  Surface water temperature decreases towards the poles.

The atmosphere and ocean interact through exchanges of heat and moisture.  The oceans gain energy during the summer and losses energy during winter. 

Surface currents are driven by the winds.  Some, like the Gulf Stream, move in well-defined boundaries like a river, while others are broad and diffuse.  Water circulates below the surface in the deep zone.  These deep water currents are driven by density differences. 

Surface currents generated by the winds can induce vertical circulations in the oceans.  This can induce upwelling of nutrient rich waters. For example, over the eastern tropical Pacific Ocean, winds rotate counter-clockwise around a high-pressure system producing along-coast winds off Peru and easterly winds along the equator in the eastern Pacific. The Coriolis effect produces offshore flow off Peru and surface divergence at the equator causing upwelling where cold, deeper water comes to the surface. This produces the cold sea surface temperatures (SSTs) off Peru and along the equator in the eastern Pacific. In the western Pacific on the equator, this upwelling does not occur, so that the SST is higher than in the east.

El Niño and La Niña are extreme phases of a naturally occurring climate cycle that refer to large-scale changes in sea surface temperature across the tropical Pacific.  El Niño and La Niña result from interaction between the surface of the ocean and the atmosphere in the tropical Pacific. Changes in the ocean impact the atmosphere and climate patterns around the globe. Both El Niño and La Niña impact global climate patterns. In many locations, especially in the tropics, La Niña (or cold episodes) produces the opposite climate variations from El Niño. For instance, parts of Australia and Indonesia are prone to drought during El Niño, but are typically wetter than normal during La Niña.

Tropical cyclones are large whirling storms that obtain their energy from warm ocean waters.  They stand out on satellite photographs due to their circular cloud patterns and, in the stronger storms, a nearly clear eye at the center.  The clarity and size of the eye on satellite images helps meteorologists estimate a cyclone’s strength.

A tropical cyclone begins as a disorganized tropical disturbance.  A few grow to hurricane or typhoon strength with winds up to 200 mph.  Most weaken within a week or two.  They typically move west or northwest and then recurve toward the northeast, but each storm is unique.  Hurricanes affecting the United States often form in the Gulf of Mexico and Caribbean Sea in early summer and late fall, with powerful Cape Verde hurricanes dominating attention in August and September.  The location of warm ocean waters strongly determines the birthplaces and intensities of tropical cyclones.

Tropical cyclones cause destruction with extremely high winds, storm surges of seawater, and flooding rainfall.  Of these, storm surge is the most deadly and devastating. Each hurricane packs its own unique combination of these weapons.

Weather satellites have revolutionized the forecasting of tropical cyclones.  Today no tropical cyclones go undetected, a vast improvement upon the situation a century ago.  Thousands of lives are saved as a result.  Statistical forecasts now provide long-range estimates of the activity of hurricane seasons as much as a year in advance. 

Terminology 

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

Bermuda high

Cape Verde hurricane

Deep Zone

Easterly waves

Ekman spiral
El Niño

Extratropical cyclone

Eye

Eye wall

Gyre

Halocline

Hurricanes

La Niña

Ocean current

Oceanography

Pycnocline

Rainbands

Recurvature


Saffir-Simpson scale

Storm surge

Supertyphoon

Surface zone

Thermocline

Thermohaline circulation

Tropical cyclones

Tropical depression

Tropical disturbance

Tropical storm

Typhoons

Upwelling

  Review Questions

1. Why is the ocean surface zone thicker over the tropics than the poles?

2. Why is it important for weather to know the distribution of sea surface temperature?

3. What is the thermocline?

4. What is the North Atlantic gyre?

5. What is the Ekman spiral and how is it formed?

6. How can surface winds generate upwelling along coastal regions?

7. What is an El Niño and how does it impact the weather where you live?

8. What is an La Niña and how does it impact the weather where you live?

9. Is a typical tropical cyclone bigger or smaller than the following weather phenomena: Hadley Cell; air parcel; thunderstorm; Southern Oscillation?

10. When a tropical cyclone “opens its eye” for the first time, what does that tell you about its approximate wind speed?  Is it strengthening or weakening?  When a hurricane narrows its eye and becomes very circular, is it strengthening or weakening?

11. If you could cover the Gulf of Mexico with water-impermeable plastic wrap, how would this affect the development and intensity of tropical cyclones over the Gulf?

12. In some El Niño years, the ocean waters off the west coast of Mexico also become abnormally warm and tropical fish are sighted unusually far north.  How might this affect the intensity of tropical cyclones that develop in this region?

13. Only one tropical cyclone has developed in the South Atlantic Ocean off the coasts of South America and Africa in the last century.  What ocean temperature and wind patterns might be responsible for this amazing lack of tropical cyclone activity?  

14. Why do hurricanes never form off the West Coast of the United States, but can form off the East Coast? 

15. Global warming, if occurring, should lead to warmer ocean temperatures, less wind shear due to a reduced latitudinal temperature gradient, but perhaps more wind shear due to “perpetual El Niño” conditions.  Discuss how each of these three changes might affect future tropical cyclone activity and intensity.

16. In 1985, Hurricane Gloria recurved northeastward along the U.S. East Coast and traveled quickly just east of the coastline for hundreds of miles.  East Coast residents braced for a fearful storm; a Boston radio station even played a marathon of songs titled “Gloria” in anticipation.  But in the end, most inland residents were disappointed, saying that the winds were much less than they had expected.  Using a U.S. map and your understanding of the relationship between total storm winds and the forward motion of the storm, explain why the inland residents experienced relatively weak winds from this strong hurricane.

17. If you lived or ran a business on the U.S. East Coast and you heard that Bill Gray’s forecast was for a very active and damaging hurricane season in the near future, what actions would you take to protect your life and property?

18. True or false: in a hurricane, you want to go to a location as low as possible in order to stay out of the high winds.  Explain your answer.

19. Why don’t the damage totals and death tolls from U.S. hurricanes always increase with increasing Saffir-Simpson category number?  Discuss the different variables that can make a Category 1 storm more of a killer and destroyer of property than a Category 5 storm.

20. Can tropical cyclones exist on other planets in our solar system?  Explain why or why not.

  Web Activities

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

1. There is a movie of Hurricane Danny radar loops created by Pete Pokrandt at the University of Wisconsin that would be wonderful for our students to view.  It’s 18 megabytes; I will place it on the Web site so that Steve can access it.  It shows Danny slowly working its way to the Gulf Coast, within range of coastal radars for a period of days.  This is precisely the kind of visualization that students need to get a good feel for what tropical cyclones look like in action.

2. We should have a link to Chris Landsea’s Tropical FAQ Web site, at http://www.aoml.noaa.gov/hrd/tcfaq/tcfaqHED.html 

3. It would be nice to have an interactive Java applet that would allow students to “make your own hurricane” by specifying central pressure, size of storm, size of eye, etc. and then plotting the winds.  Ideally, it could be a kind of video game where you make the cyclone and then specify the upper-level winds.  Will the storm grow or die?  Will it ram into New York City?  And so forth.  Can Tom do this?

Box 8.1  The “Hurricane Hunters”
Why would anyone in their right mind intentionally fly into the middle of a hurricane?  During every hurricane season, U.S. Air Force (USAF) and National Oceanographic and Atmospheric Administration (NOAA) pilots and scientists do just that, time and again.  Their goal: to obtain up-to-the-minute weather data on storms that cannot be obtained by any other means.  They are the “hurricane hunters.”

The first exploration of a major hurricane by a “reconnaissance aircraft,” as they are called, occurred in 1944 during the Great Atlantic Hurricane.  Thousands of flights later, no plane has ever been lost while penetrating these deadly storms.  (There was a pretty close call during a flight into Hurricane Hugo in 1989, however.)  The pilots carefully choose their altitude (high, away from the roiling ocean) and path (straight through to the eye, no dilly-dallying in the eye wall) to maximize their safety while gathering crucial weather data.

Today, hurricane hunting is a highly coordinated effort between the National Hurricane Center, USAF and NOAA.  When NHC needs to know if a tropical disturbance far out in the Atlantic is getting better organized, the USAF pilots fly long missions to search for signs of a closed circulation.  They use weather instruments that have been specially installed on their large cargo airplanes.  In addition, the planes launch “dropsondes”—the reverse of radiosondes—which drop out of the plane and into the storm from above.  These dropsondes can tell what the weather conditions are like in the very center of the disturbance, below where the planes normally fly.  Finally, the pilots and scientists use their eyes to see, literally, if the storm clouds are becoming better organized.  This information is relayed to NHC, where meteorologists use it to decide whether or not a disturbance has achieved tropical depression or tropical storm status.
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If a mature hurricane comes closer to the United States, the NOAA hurricane hunters take over.  NOAA’s specially instrumented P-3 aircraft (see figure) includes on-board radars.  Figure 8.28 is a radar image from one of the NOAA flights into Hugo.  The measurements of winds and location of the hurricane’s center, as shown on Figure 8.28, are extremely important pieces of information for hurricane forecasters.  They are much more accurate than satellite estimates.  

For this reason, hurricane hunters will continue to brave the bumpy flights into these storms for the foreseeable future.  There is also an added bonus: hurricane hunters often say that a strong hurricane’s eye wall, viewed from an airplane circling in its eye (see Figure 8.22) is one of the most beautiful and awe-inspiring sights in all of nature.

Box 8.2  Naming Hurricanes
Hurricanes come in large and small sizes, some with big eyes, some with squinty eyes, and they are born, grow, and then die.  It’s not surprising, then, that human names have been assigned to hurricanes for centuries.

The very earliest instance of hurricane naming was in the Caribbean islands, where hurricanes were associated with the Roman Catholic saint’s holiday when they hit the islands.  For example, Hurricane “Santa Ana” struck Puerto Rico on July 26, 1825.  

The first known scientific use of hurricane naming arose in the Pacific during World War II.  It was an easy and effective way to distinguish one tropical cyclone from another on the weather maps.  The system was simple and alphabetical: the name of the first storm of the season would begin with A; the second, B; the third, C; and so on.  

Naming hurricanes also gave homesick soldiers a way to recall loved ones.  Thus began the practice by predominantly male meteorologists of giving female names to hurricanes.  This practice persisted at the National Hurricane Center in Miami until the late 1970s.  One retired NHC meteorologist ironically commented, “It is surely only a coincidence that many names of NHC employees, their wives, and other female relatives appear on the [name] list.”  This may explain the distinctly Southern flavor of the names of past hurricanes.

Beginning in 1979, the list of names for each year’s tropical storms and hurricanes was broadened to include both male and Spanish and French names.  The alphabetical naming system continues, now overseen by the World Meteorological Organization (WMO).  The WMO composes different alphabetical lists for different ocean basins (for example, starting in 2000 northwest Pacific typhoons now have Asian names).  The names of severe and/or notable hurricanes are “retired” and taken off the lists.  Horror sequels are popular in the movies, but no meteorologist wants to tempt fate by naming a new hurricane Andrew, Georges, or Mitch, to cite a few of the recently retired names.

Below is the list of names for Atlantic Ocean, Gulf of Mexico, and Caribbean Sea tropical storms and hurricanes for the years 2001-2006.  You may be wondering: what happens if there are more storms than names?  That has never happened in the Atlantic—although in 1995 it was a close call, with Tanya lasting until November 1.

2001
2002
2003
2004
2005
2006

Allison
Arthur
Ana
Alex
Arlene
Alberto

Barry
Bertha
Bill
Bonnie
Bret
Beryl

Chantal
Cristobal
Claudette
Charley
Cindy
Chris

Dean
Dolly
Danny
Danielle
Dennis
Debby

Erin
Edouard
Erika
Earl
Emily
Ernesto

Felix
Fay
Fabian
Frances
Franklin
Florence

Gabrielle
Gustav
Grace
Gaston
Gert
Gordon

Humberto
Hanna
Henri
Hermine
Harvey
Helene

Iris
Isidore
Isabel
Ivan
Irene
Isaac

Jerry
Josephine
Juan
Jeanne
Jose
Joyce

Karen
Kyle
Kate
Karl
Katrina
Keith

Lorenzo
Lili
Larry
Lisa
Lee
Leslie

Michelle
Marco
Mindy
Matthew
Maria
Michael

Noel
Nana
Nicholas
Nicole
Nate
Nadine

Olga
Omar
Odette
Otto
Ophelia
Oscar

Pablo
Paloma
Peter
Paula
Philippe
Patty

Rebekah
Rene
Rose
Richard
Rita
Rafael

Sebastien
Sally
Sam
Shary
Stan
Sandy

Tanya
Teddy
Teresa
Tomas
Tammy
Tony

Van
Vicky
Victor
Virginie
Vince
Valerie

Wendy
Wilfred
Wanda
Walter
Wilma
William

Box 8.3  Bryan Norcross, TV Meteorologist and Hero
When most people think of meteorologists, they think of TV weather personalities.  This is a misconception, because the majority of meteorologists are not on TV, and many TV weathercasters are not meteorologists.  Most TV weathercasters, meteorologists or not, don’t make their own forecasts.  They rely instead on the official National Weather Service forecasts.  This doesn’t mean that TV weatherpersons are  not serious about forecasting however.  They serve a great purpose by using their wide exposure and their personalities to convey important weather information to the public.  One of the best examples is Miami TV meteorologist Bryan Norcross.  When Hurricane Andrew blasted Miami, Norcross became a national hero.
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Norcross (right) is part newsman, part meteorologist.  He has a bachelor’s degree in math and physics and a master’s degree in communications and meteorology.  Prior to coming to Miami, he worked as a news producer in Denver and a news director in Louisville.  He also oversaw reporting on political campaigns and the Olympics.  In Miami, Norcross returned to TV meteorology, a position he had held previously at CNN.  His background in news reporting helped him translate complicated aspects of meteorology to a wide audience.  In November 1991 he even appeared on national TV in a two-part episode of the sitcom “Golden Girls”!  The plot: a terrible hurricane hits Miami, with Norcross spreading the news.

Life imitated TV just a few months later, on August 23, 1992.  Hurricane Andrew was bearing down on a city that had not experienced a hurricane in nearly thirty years.  Untold thousands of residents, newcomers to the region, had no idea what to expect or how to protect themselves.  Worse yet, Andrew came ashore just south of Miami shortly after 5 am, when most sources of information were off the air, either intentionally or unintentionally due to the storm’s winds.  Into this breach stepped Bryan Norcross.  

Norcross provided frequent updates on the predicted path and severity of Andrew throughout the evening of the 23rd, and then stayed on all night with continuous coverage of the storm.  He didn’t make the forecasts; the National Hurricane Center did.  But Norcross did broadcast these forecasts with live interviews with the NHC’s director.  He also provided numerous safety tips to residents who had little knowledge of how to protect themselves from 150 mph wind gusts.  To emphasize the risks, at 5 am Norcross and his overnight crew took shelter in their own studio, broadcasting from a closet.  A resident from a hard-hit section of Miami called him, on the air, and said her roof was coming off.  What should she do?  Norcross replied, get away from all the windows, crouch inside a bathtub and pull a mattress over her head.  Now.  

For his efforts during the Hurricane Andrew crisis, Bryan Norcross was given national journalism and meteorology awards.  (He even was the subject of a 1993 TV-movie, which won no awards whatsoever.)  Norcross is one of many TV weather personalities who save lives with timely, useful information.  

Table 8. 1.  The most damaging hurricanes to affect the United States since 1900.  Dollar amounts are normalized to 1998 standards.  Notice that earlier storms caused many more deaths than comparable, but more recent, storms.  This is a measure of the effectiveness of today’s hurricane detection and warning systems.  In some cases, intense hurricanes caused little damage and few deaths because sparsely populated regions were hit.  See text for details on the Saffir-Simpson scale.  Adapted from information provided by Dr. Chris Landsea, Atlantic Oceanographic and Meteorological Laboratory.

RANK
HURRICANE
YEAR
MINIMUM PRESSURE

AT

LANDFALL

(mb)
SAFFIR-SIMPSON CATEGORY AT
LANDFALL
DEATHS (U.S.)
DAMAGE (1998 U.S. DOLLARS)

1
SE Florida/Alabama
1926
935
4
243
83,814,000,000

2
ANDREW (SE FL/LA)
1992
922
4
58
38,362,000,000

3
N Texas (Galveston)
1900
931
4
8000+
30,856,000,000

4
N Texas (Galveston)
1915
945
4
275
26,144,000,000

5
SW Florida
1944
962
3
300
19,549,000,000

6
New England
1938
946
3
600
19,275,000,000

7
SE Florida/Lake Okeechobee
1928
929
4
1836
15,991,000,000

8
BETSY (SE FL/LA)
1965
948
3
75
14,413,000,000

9
DONNA (FL/Eastern U.S.)
1960
930
4
50
13,967,000,000

10
CAMILLE (MS/LA/VA)
1969
909
5
256
12,711,000,000

11
AGNES (NW FL, NE U.S.)
1972
980
1
122
12,408,000,000

12
DIANE (NE U.S.)
1955
987
1
184
11,861,000,000

13
HUGO (SC)
1989
934
4
26
10,872,000,000

14
CAROL (NE U.S.)
1954
960
3
60
10,509,000,000

15
SE Florida/Louisiana/Alabama
1947
940
4
51
9,630,000,000

16
CARLA (N & Central TX)
1961
931
4
46
8,194,000,000

17
HAZEL (SC/NC)
1954
938
4
95
8,160,000,000

18
NE U.S
1944
947
3
390
7,490,000,000

19
SE Florida
1945
951
3
4
7,318,000,000

20
FREDERIC (AL/MS)
1979
946
3
5
7,295,000,000

21
SE Florida
1949
954
3
2
6,767,000,000

22
S Texas
1919
927
4
600+
6,200,000,000

23
ALICIA (N TX)
1983
967
3
21
4,702,000,000

24
FLOYD (NC)
1999
956
2
56
4,500,000,000

25
CELIA (S TX)
1970
945
3
11
3,869,000,000

26
DORA (NE FL)
1964
966
2
5
3,603,000,000

27
FRAN (NC)
1996
961
3
37
3,591,000,000

28
OPAL (NW FL/AL)
1995
942
3
9
3,478,000,000

29
GEORGES (SW FL/MS)
1998
965
2
4
3,073,000,000

30
CLEO (SE FL)
1964
971
2
0
2,823,000,000

Table 8.2.  The Saffir-Simpson scale for hurricanes, named for the engineer and the meteorologist who devised it in the 1970s.  Adapted from information provided by Dr. Chris Landsea, Atlantic Oceanographic and Meteorological Laboratory.  [Probably works better as one long table with the damage descriptions as one more column.]

Saffir-Simpson Scale

Saffir-Simpson
Category
Maximum sustained wind speed
Minimum surface pressure
Storm surge


mph
m/s
kts
mb
ft
m

1
74-95
33-42
64-82
greater than 980
3-5
1.0-1.7

2
96-110
43-49
83-95
979-965
6-8
1.8-2.6

3
111-130
50-58
96-113
964-945
9-12
2.7-3.8

4
131-155
59-69
114-135
944-920
13-18
3.9-5.6

5
156+
70+
136+
less than 920
19+
5.7+

Damage

Category
Level
Description
Example

1 
MINIMAL 
Damage primarily to shrubbery, trees, foliage, and unanchored homes. No real damage to other structures. Some damage to poorly constructed signs. Low-lying coastal roads inundated, minor pier damage, some small craft in exposed anchorage torn from moorings. 
Hurricane Agnes (1972) 

2 
MODERATE 
Considerable damage to shrubbery and tree foliage; some trees blown down. Major damage to exposed mobile homes. Extensive damage to poorly constructed signs. Some damage to roofing materials of buildings; some window and door damage. No major damage to buildings. Coast roads and low-lying escape routes inland cut by rising water 2 to 4 hours before arrival of hurricane center. Considerable damage to piers. Marinas flooded. Small craft in unprotected anchorages torn from moorings. Evacuation of some shoreline residences and low-lying areas required. 
Hurricane Georges (1998) 

3 
EXTENSIVE 
Foliage torn from trees; large trees blown down. Practically all poorly constructed signs blown down. Some damage to roofing materials of buildings; some wind and door damage. Some structural damage to small buildings. Mobile homes destroyed. Serious flooding at coast and many smaller structures near coast destroyed; larger structures near coast damaged by battering waves and floating debris. Low-lying escape routes inland cut by rising water 3 to 5 hours before hurricane center arrives. Flat terrain 5 feet of less above sea level flooded inland 8 miles or more. Evacuation of low- lying residences within several blocks of shoreline possibly required. 
Hurricane Celia (1970) 

4 
EXTREME 
Shrubs and trees blown down; all signs down. Extensive damage to roofing materials, windows and doors. Complete failures of roofs on many small residences. Complete destruction of mobile homes. Flat terrain 10 feet of less above sea level flooded inland as far as 6 miles. Major damage to lower floors of structures near shore due to flooding and battering by waves and floating debris. Low-lying escape routes inland cut by rising water 3 to 5 hours before hurricane center arrives. Major erosion of beaches. Massive evacuation of all residences within 500 yards of shore possibly required, and of single- story residences within 2 miles of shore. 
Hurricane Andrew (1992) 

5 
CATASTROPHIC 
Shrubs and trees blown down; considerable damage to roofs of buildings; all signs down. Very severe and extensive damage to windows and doors. Complete failure of roofs on many residences and industrial buildings. Extensive shattering of glass in windows and doors. Some complete building failures. Small buildings overturned or blown away. Complete destruction of mobile homes. Major damage to lower floors of all structures less than 15 feet above sea level within 500 yards of shore. Low-lying escape routes inland cut by rising water 3 to 5 hours before hurricane center arrives. Massive evacuation of residential areas on low ground within 5 to 10 miles of shore possibly required. 
Hurricane Camille (1969) 


