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 Atmosphere-Ocean-Cryosphere Interactions
 These two globes represent temperatures during two time periods, one from 1964–1976 and one from 1978–1990. Specifically, the globes show how average land temperatures and sea-surface temperatures (SST) during these two time periods departed (differed) from long-term averages. For each globe, the average temperature for that time period was compared to average long-term temperatures. If the temperatures during that time were warmer than the long-term average, the values are positive (shown in red, orange, and yellow). If the temperatures during that time period were colder than the long-term average, the values are negative (shown in purple, blue, and green). Observe the two globes for large-scale patterns and for changes between the two time periods.
 What patterns do you observe and what happened to cause such different patterns over time?
 Northwestern North America, especially Alaska, was colder than normal for those locations, as shown by the purple and dark blue colors over land, from 1964 to 1976. The adjacent waters of the Pacific were also relatively cold, but only along the western coast of North America. The colder than normal temperatures continued south into southwestern North America and adjacent waters. In contrast, waters farther out in the Pacific were warmer than usual, as depicted by the large region colored red and orange.
 What causes warming or cooling of sea-surface temperatures, and how can one part of the ocean be colder than normal while another part is warmer than normal?
 Regional changes in SST can be quantified by statistically comparing SST in the eastern and western Pacific and calculating an index (called the PDO index) that represents the difference. When the waters off Alaska are warmer than those in the central Pacific, the PDO index is positive. The top part of the graph to the right plots the PDO index for the years 1965 to 2010 and shows a major shift in climate at about 1977 — the same temperature shift represented by the difference in the two globes. Red bars represent the warm phase.
 What is an ocean oscillation, and do similar oscillations occur in other parts of the Pacific or even in other oceans?
 The Pacific Decadal Oscillation, including its warm and cool phases, was first recognized by a fisheries scientist trying to explain year-to-year variations in how many salmon return to their spawning grounds in streams along the Pacific, as shown in the bottom graph. Comparison of the graphs reveals a striking correlation — the number of spawn-ing salmon is higher than average during cool phases of the PDO and less during warm phases.
 What causes these warm and cool phases in an ocean?
 Over 70% OF THe PLANeT’S surface is covered by oceans, which exchange energy and moisture with the overlying atmosphere. Oceans move in response to three main factors — winds moving over the top of them, spatial variations in the density of water, and the Coriolis effect. In addition to responding to wind directions, oceans in turn affect the temperatures and pressures of the adjacent atmosphere. These two major systems of the earth — oceans and atmosphere — are closely connected and constantly interacting. These interactions are the major causes of climatic variability around the world.
 Temperature Departure from Average (1964–1976) Temperature Departure from Average (1978–1990)
 A shift in regional temperatures occurred around 1977, as shown by the different patterns between the globes. Alaska and adjacent waters of the eastern Pacific warmed significantly, as reflected by red and orange areas over Alaska. In contrast, cooling occurred in the middle of the northern Pacific, as indicated by the blue and green colors. The patterns in these two globes are nearly opposites, representing two common modes in temperatures in this region: a cool phase, in which SST are cooler than usual in the eastern north Pacific near Alaska and warmer than usual in the mid-north Pacific, and a
 warm phase, with the opposite pattern. The switch from one mode to another is named the Pacific Decadal Oscillation (PDO).
 Why are the patterns on these two globes the opposite of each other, and what causes these shifts, as part of the PDO?
 06.00.a206.00.a1
 06.00.a3
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 The PDO and Climate
 In 1977, a major shift occurred in the pat-terns of sea-surface temperatures (SST) in the North Pacific. Before that time,
 waters in the Gulf of Alaska had been rela-tively cool, while waters in the central north Pacific had been warmer than normal. After 1977, the patterns switched, with warmer than normal waters along the coasts of Alaska and British Columbia, but colder than nor-mal waters in the central north Pacific. This change, sometimes called the Great Pacific Climate Shift, had profound implications for conditions on land in western North America and in the Pacific. This shift correlated with changes in glaciers, temperatures on land, and the number of spawning salmon.
 In the past several decades, this climate shift has been recognized as part of a series of cyclical changes in large-scale patterns in air pressure, wind directions, and sea-surface temperatures, where the Pacific Ocean has two dominant modes: a warm mode and a cool mode. From data collected over the last century, scientists have been able to establish that the Pacific Ocean stays in the warm mode for several decades before switching to the cool mode for the next several decades. Thus the “decadal” part of the Pacific Decadal Oscillation name. The term “oscillation” refers to a climatic condition, such as air pressure or sea-surface temperatures, that shifts back and forth between two distinct modes or phases. The Pacific Decadal Oscil-lation is but one such oscillation. Similar oscillations, described in this chapter, occur in the equatorial Pacific, Atlantic Ocean, and Indian Ocean, each greatly impacting regional climate.
 This shift in climate in the northern Pacific correlates with a change in glaciers on Mount Baker (◀), one of the large volcanic mountains in the Cascade Range. As shown in the graph above,
 glaciers were advancing before this shift (during the cool phase) and retreating after it (during the warm phase). As shown on the graph of PDO index on the previous page, sometime around 1998 the PDO went back into a cool phase, heralding the return of cooler temperatures.
 Do ocean oscillations affect the amount of precipitation and global amounts of ice?
 Shifts in the PDO are accompanied by changes in winds and air pressure. The two globes above show anomalies (departure from average) in wind directions (arrows) and surface air pressure (shading, where darker is lower pressure). During a PDO cool phase (left globe), the Aleutian Low is very weak and even has clockwise anomalies to the flow. This gives the Alaska coast the cold temperature anomalies that characterize the cool phase. During a PDO warm phase (right globe), the Aleutian Low is much stronger, and counterclockwise winds around the Aleutian Low bring warm SST to Alaska’s coast. Since wind directions are controlled largely by differences in air pressure, the patterns of air pressure also differ between these two phases.
 How do changes in SST relate to changes in air pressure and wind direction? Do the oscillations cause the wind patterns or visa versa, or are both related to changes in air pressure?
 FPO
 06.00.a6 06.00.a7
 06.00.a4 Mount Baker, WA
 06.0
 0.a5
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 What Causes Ocean Currents?SUrFACe WATer OF THe OCeANS circulates in huge currents that generally carry warmer water toward the poles and colder water toward the equator. extremely large quantities of energy are stored in the upper 100 meters of the global oceans, and surface ocean currents redistribute this energy from one part of the ocean to another, carrying it from zones of excess energy to those with an energy deficit. What causes ocean currents, and can we make some general predictions about which way ocean currents would likely flow?
 What Causes Surface Waters of the Ocean to Move and Which Way Do They Go?
 6.1
 If wind patterns drive the flow of the upper part of the ocean, we should be able to anticipate the directions of ocean currents from considering the directions of wind.
 various processes cause surface water to move, but the primary driving force is wind. Wind blowing across a body of water transfers some of its momentum onto the surface of the water, causing it to move. On a smaller scale, this causes waves and on a global scale, this sets in motion large currents that can traverse an entire ocean.
 4. If the planet were not rotating, water above the null point would flow parallel to the direction in which the wind is
 blowing. On Earth, however, as soon as the water starts moving it is subject to the Coriolis effect, and so it has an apparent deflection away from its initial direction, turning to the right in the Northern Hemisphere.
 5. As the effects of the shearing force decrease down-ward, toward the null point, the direction of flow turns farther to the right with depth. In this way, the direction and velocity of flow, when plotted as a series of arrows, define a downward spiralling shape — an Ekman spiral.
 1. As wind blows across water, it pushes against the surface, causing the uppermost water to begin flowing.
 1. This globe reviews the main belts of winds encircling Earth. Examine the globe and consider what pattern of ocean currents might result from these wind directions. Try this before reading on.
 2. As you thought about likely directions of currents, you probably realized that eventu-ally any current that flows east or west will at some point run into a continent — the continents are in the way, so an ocean current must turn to avoid the continent.
 2. This water in turn transfers some of its momen-tum to waters just below the surface, setting up an overall shearing of the water column, with the strongest shear force (depicted by arrows) at the surface.
 5. This graph (▲) shows the general relationship between wind speed and altitude. Winds are slower near the surface, and they increase upward. Winds slow down near the surface because their energy of motion (kinetic energy) is transferred from the wind to the surface, producing waves and currents.
 3. The effects of wind stress vanish at a depth of about 100 m, a depth known as the null point.
 3. Recall that winds are generally not very strong along the equator, the so-called doldrums. They are also very weak in areas of descending air in the subtropics, at 30° N and 30° S latitude — the horse latitudes.
 4. Another factor to consider is that the appar-ent deflection of moving objects by the Coriolis effect is opposite across the equator. The apparent deflection is to the right north of the equator and to the left south of it.
 Which Way Do Surface Winds Blow Against the Ocean Surface?
 6. As a result of these competing influences, the overall direction of flow of the uppermost ocean, when aver-aged between the surface and the null point, is at an angle to surface winds.06.01.a1
 06.01.a2
 06.01.b1
 06.0
 1.b2
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 Before You Leave This Page Be Able To
 Sketch and explain how motion is transferred from the atmosphere to the ocean surface and how the Ekman spiral results.
 Sketch and explain the anticipated directions of surface ocean currents in a simple one-ocean, two-continent global model, identifying warm and cold currents.
 What Is the Anticipated Pattern of Global Surface Ocean Currents?
 East Coast of Continent West Coast of Continent
 6.1
 Given what we know about the global distribution of surface pressure cells and the direction of surface winds, it is reasonable to make a first approximation of the direction of surface ocean currents as a series of interacting circular motions, or gyres, like the ones in the stylized ocean shown below.
 45° N–60° N: Cold surface waters originating from north polar regions.
 25° N–35° N: Cold surface waters originating from mid-latitude regions.
 25° S–35° S: Cold surface waters originating from mid-latitude regions and flowing north.
 Equatorial Latitudes: Mostly warm waters flowing east to west.
 45° S–60° S: Warm surface waters originating from subtropical regions.
 25° N–35° N: Warm surface waters originating from equatorial regions and moving northward.
 25° S–35° S: Warm surface waters originating from equatorial regions. Note that this happens with winds from the opposite direction from the Northern Hemisphere.
 Cold SurfaceCurrent
 Warm SurfaceCurrent
 45° S–60° S: Cold surface waters originating from south polar regions. Note that this happens with winds from the opposite direction from the Northern Hemisphere.
 To remind us that generalized models are just that, we include a numeric model of actual ocean currents, whose squiggly lines bring to mind the style of painter Vincent van Gogh (▼).
 1. A key characteristic of this hypotheti-cal planet is that the central ocean extends from pole to pole, so it crosses all of the regional wind belts, from the equatorial doldrums to the polar easterlies. The adjacent continents also nearly extend from pole to pole, effec-tively confining the ocean on both sides.
 2. Surface waters flowing from a lower latitude (closer to the equator) toward a higher latitude (closer to the poles) transport water with greater stored energy than expected at that latitude and are considered “warm” currents. Those flowing in the reverse direction, from higher to lower latitudes, will have less stored energy than expected and are termed “cold” currents. The terms warm and cold should only be considered relative to the environment through which they are passing and are indicative of whether they are bringing energy to or removing it from an environment. Accordingly, warm currents are colored red and cold currents are colored blue. Note that a single gyre brings warm water to the coast of one continent but cold water to the coast of the other continent, as described below.
 Indian Ocean
 Pacific Ocean
 Atlantic Ocean
 45° N–60° N: Warm surface waters originating from subtropical regions and moving northward.
 06.01.c1
 06.01.c2
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 What Is the Global Pattern of Surface Currents?CONCePTUAL MODeLS OF reALITY, like the pole-to-pole ocean on the previous page, help us to draw general conclusions about the operation of physical processes. They also serve to highlight locations, or physical condi-tions under which the simplified overriding ideas prove inadequate in explaining observed phenomena. The global figure below depicts a summary of major surface currents and gyres in the oceans. The smaller globes and accompanying text each highlight major currents in different regions. The major currents have profound implica-tions for the climate, weather, ecology, and the lives of the inhabitants, so take some time to learn their names.
 6.2
 The largest ocean basin on Earth, the Pacific basin, displays many of the characteristics expected from the model. It contains two subtropical gyres, one in the Northern Hemi-sphere and one in the Southern Hemisphere.
 This large map shows the locations, flow directions, and characteristics of ocean currents on a global scale. Warm currents are shown in red, and cold currents are shown in blue.
 Northwestern Pacific: Water enters the western Pacific driven by westward flow on either side of the equator. As waters north of the equator approach the Philippines and Asia, they turn north, carrying warm water past southern China and Japan in the Kuroshio Current. At about 40°N, this flow then turns east as the North Pacific Current.
 Southwestern Pacific: South of the equator, the west-flowing current turns south down the east coast of Australia as the warm East Australian Current. Farther south, it becomes enmeshed with the strong West Wind Drift, driving eastward toward South America.
 Most of the Indian Ocean lies south of the equator. Surface circulation in the Indian Ocean is dominated by the flow around the southern subtropical gyre, consisting of (1) the warm,
 south-flowing Mozambique Current east of Africa, (2) the cool, north-flowing
 Western Australian Current, and (3) a west-flowing segment
 along the equator to complete the loop. South
 of 40° S, waters become entwined with the Antarctic Circumpolar Current. Surface flow patterns vary season-ally according to the winds of the strong
 Asian monsoon and other factors.
 Indian Ocean
 Western Pacific Ocean
 Indian Ocean
 Pacific Ocean
 Pacific Ocean
 Atlantic Ocean
 Atlantic Ocean
 06.02.a1
 06.02.a2 06.02.a3
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 The northern subtropical gyre in the Pacific produces a cold current, the California
 Current, that flows southward, down the west coast of North America. A portion
 of the east-moving, mid-latitude water turns north as it approaches northwestern North America, turning northward along the coast of northern British Columbia and Alaska as the Alaska Current, bringing somewhat warmer waters to these northerly latitudes.
 As they move west, the Alaska Current ultimately mixes with the
 cold waters of the Bering Current along the Aleutian Islands and the
 Kamchatka Peninsula of Siberia.
 Ocean waters surrounding Antarctica are regarded as the southern parts of the
 Pacific, Indian, and Atlantic oceans. No land interruptions other than
 the southern tip of South America and New Zealand, exist in this region. The entire polar zone is occupied by continental Antarctica. Ocean-continent contrasts here are parallel to latitude. Strong pressure gradients and relative lack of
 land interruptions induce extremely strong westerly winds at
 these latitudes — known by sailors as the “roaring forties” and the “screaming
 sixties.” Circling around Antarctica is the strong West Wind Drift, also called the Antarctic Circumpolar Current.
 The Atlantic Ocean north of the equator consists of a wide part between North America and Africa (the central Atlantic) and a
 narrower part between North America and Europe (the north Atlantic). Within
 the central Atlantic is a subtropical gyre that includes the northerly
 flowing Gulf Stream, which transports warm water up the East Coast of the U.S. To the north, the Gulf Stream gives way to the North Atlantic Drift, which brings warmth and moisture to northwest-ern Europe. From Europe, the
 cooler Canary Current flows south along the coast of
 northwest Africa.
 Unlike its southern equivalent, the northern polar region, north of 80° N, is
 occupied entirely by ocean. The major outlets include the Pacific
 basin by means of the cold Bering Current, and the Atlantic via the Labrador and Green-land currents, which bring cool water down the east coast of Canada and Greenland. A major flow of warm ocean waters into the
 Arctic Ocean is accomplished by the North Atlantic Drift
 flowing northward along the coast of northwestern Europe.
 The part of the Atlantic Ocean south of the equator, between South America and Africa, is the south Atlantic. Within this
 region is the Southern Hemisphere gyre, which includes the cold
 Benguela Current, which flows north along the western coast of southern Africa. After flowing west, the gyre turns south along the eastern coast of South America, becoming the warm Brazil Current. To the south, this current is deflected to the east by its interactions
 with the Antarctic Circumpolar Current, flowing eastward.
 The cold waters of a current (the West Wind Drift) flowing east from
 Australia turn north along the west coast of South America.
 During this long track across the southern Pacific, the waters turn cold and form a very pronounced cold current, called the Humboldt Current (also locally known as the Peru or Chile Current). As
 the Humboldt Current approaches the equator, it
 turns back to the west, toward Australia, to complete the circuit
 of this huge gyre. The west-flowing segment is the South Equatorial Current.
 Northern Atlantic Ocean
 Southeastern Pacific Ocean
 Northern Pacific Ocean
 Southern Atlantic Ocean
 Arctic Ocean
 Southern Ocean
 Before You Leave This Page Be Able To
 Sketch and explain the main patterns of ocean currents in the Northern Hemisphere versus those in the Southern Hemisphere, noting similarities and differences with a simple one-ocean model.
 06.02.a4 06.02.a5
 06.02.a8 06.02.a9
 06.02.a706.02.a6
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 How Do Sea-Surface Temperatures Vary from Place to Place and Season to Season?
 6.3
 6. This globe shows most of the Indian Ocean (on the left) and about half of the Pacific Ocean (on the right). What patterns do you observe on this side of the globe, and what are some differences between this side and the other side of the planet, as shown in the top globe?
 7. The semi-enclosed seas between the mainland of south-eastern Asia and the islands of Indonesia and the Philippines are relatively warm, as is the Indian Ocean. As discussed later in this chapter, SST in this region, while always warm, can vary somewhat in response to an important ocean oscillation called the El Niño-Southern Oscillation, or ENSO for short. More on this important oscillation later.
 9. The southern parts of the Indian Ocean and Pacific Ocean have similar, latitude-parallel gradations. Again, this pattern largely reflects the lack of complicating landmasses. Only the southernmost tip of South America (not shown), Tasmania (the island south of mainland Australia), and the South Island of New Zealand extend south of 40° S latitude. Between these places and Antarctica, the ocean continues unimpeded.
 8. Patterns are more regular in the middle of the Pacific Ocean, away from the complicating effects of continents, which influence weather patterns and steer ocean currents along their coasts. The SST data form bands of colors that mostly follow along lines of similar latitude. The patterns are most complicated closer to the continents, such as near Japan.
 1. These two globes both show SST averaged over the entire year and over several decades. Red and orange represent the warmest temperatures, purple and blue indicate the coldest temperatures, and green and yellow show intermediate temperatures.
 2. Observe the global patterns and propose possible explanations based on how insolation varies from place to place. Then, examine the smaller patterns in the context of ocean currents (their position, direction of motion, and warm-versus-cold character). After you have done this for both globes, read the associated text.
 3. The most obvious pattern in the SST data, not surprisingly, is the large temperature change between low latitudes and polar regions. Polar regions are green, blue, and purple (from cold to coldest) on this globe — they are the coldest seas on Earth.
 4. Note, however, that the warmest seas (in red) are not necessarily along the equator. If you expected the equator to be warmest, how could you explain this apparent discrepancy? Part of the explanation is that seas in the equator are overlain by rising air and so commonly have cloud cover that reflects some insolation. Also, some of the warmest seas are in the subtropics, where descending air dries out the surface, limiting cloud cover and permit-ting more sunlight to reach the sea.
 5. An aspect to consider is whether an area of sea has a wide-open connec-tion with open ocean. If so, that water can mix with or move to parts of the ocean where the waters are deeper and colder. On this globe, the warmest waters are in the relatively shallow Caribbean Sea and Gulf of Mexico, areas whose connection with the Atlantic Ocean is somewhat hindered by the many islands and peninsulas, so the Sun-warmed water mostly remains in those regions.
 SeA-SUrFACe TeMPerATUreS (SST) vArY GreATLY, from bathwater warm to slightly below freezing. early data on SST were collected from ships, but since the 1970s, satellites have collected voluminous SST data, docu-menting variations in temperature from region to region, season to season, and decade to decade. SST data have become even more important as climatologists investigate the causes and consequences of global warming and other types of climate change. How do SST vary on earth, and what do such data tell us?
 Average Sea-Surface Temperatures
 06.03.a1
 06.03.a2
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 10. These two globes focus on the Atlantic Ocean. The left globe shows average SST for January, which is winter in the Northern Hemisphere but summer in the Southern Hemisphere. The right globe shows the same data for July. Observe the main patterns and compare the two globes.
 11. In January, the colors of SST shift slightly but noticeably to the south, following the shift of maximum insolation as summer temperatures increase in the Southern Hemisphere. Also, whichever hemisphere is having summer experiences an overall expansion of warm SST.12. In January (the southern summer), the waters around Antarc-tica are not as cold as they are in July (the southern winter; the right globe). The opposite pattern occurs near the North Pole — waters there are colder in January, the northern winter, than during July, the northern summer.
 15. From the four SST globes on these pages, the main pattern that emerges is the strong correlation of warm waters to low latitude. Between the tropics, the overhead rays of the Sun strongly heat the oceans, especially during summer for that hemisphere (◀). Much less solar heating occurs near the pole; none for much of the winter.
 18. SST can greatly affect adjacent land. This photograph (▶) shows desert along the western coast of South Africa with the Atlantic Ocean in the distance. The dryness is partly due to the cold, stabilizing Benguela Current offshore and to prevailing winds that blow offshore.
 16. Another influence is ocean currents, such as the Gulf Stream (◀), which mostly move warm water away from the equator on the western side of oceans from about 20° to 50° north and south. In contrast, cold currents flow toward the equator on the eastern sides of oceans, as occurs with the Benguela Current off Africa and the Humboldt Current along the western side of South America. Currents largely reflect regional wind patterns.
 17. A third important factor is the flow of cold, deep waters toward the surface, or upwelling (◀). Cold-water upwelling occur along the California coast, in the northern Pacific, off the western coast of South America, and in other places. This draws deeper water upward near the coast to replace the surface water blown offshore. Upwelling leaves only a subtle imprint on global temperature maps, but it strongly influences the biological productivity of the ocean and the activities in of many coastal communities.
 13. Compare the patterns of SST on the two sides of the ocean. On the western side of the ocean, next to the Americas, warm waters
 spread relatively far to the north and south, away from the equator. This larger expanse of warm waters reveals the effects of ocean currents, like the Gulf Stream, moving warm water away from the equator, along the eastern coasts of North and South America. Warm waters of the Gulf Stream continue toward Europe.
 January Sea-Surface Temperatures July Sea-Surface Temperatures
 Factors Influencing Sea-Surface Temperatures
 Before You Leave This Page Be Able To
 Summarize the main patterns in sea-surface temperature as observed using average temperatures for a whole year.
 Describe and explain the main differences between SST in January and those in July; provide some specific examples.
 Sketch and explain some factors that affect SST, and how ocean currents affect SST of western versus eastern sides of an ocean, providing examples from the Atlantic.
 14. Compare this with the pattern on the eastern side of the ocean, adjacent to Europe and Africa. Here, relatively cooler waters reach farther toward the equator.
 This pattern is especially obvious along the west coast of southern Africa, where the north-flowing Benguela Current brings cold water northward along the coast. A similar current, the Canary Current, brings cold water south along the coast of northwestern Africa. As a result of the opposite flows on the east versus west sides of the Atlantic Ocean, the width of warm water is much less near Africa than it is near South America and the Caribbean Sea.
 06.03.a3 06.03.a4
 06.03.a5
 06.03.a8 Namiba, Africa
 06.03.a6
 06.03.a7
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 6.4 What Causes Water to Rise or Sink?
 How Does the Temperature of Water Control Its Density?
 MOveMeNT WITHIN THe OCeANS arises from other factors in addition to shearing induced by the wind. Such factors include variations in the density of water in response to changes in its temperature and salinity. Changes in temperature and salinity occur from flows of fresh water into and out of the oceans as a result of precipitation, evaporation, ice formation and melting, and inputs from rivers. The temperatures of ocean waters and the relative amounts of fresh water control the density of water, and these differences in density can either hinder or promote circulation of ocean waters.
 5. At temperatures above 4°C, water, like most substances, becomes more dense as it cools, as shown by moving from right to left up the sloping line on the right side of the graph. With cooling temperature, individual molecules become less energetic and can occupy a smaller volume, thereby increasing the water’s density.
 6. At a temperature of 4°C, however, water begins to decrease in density, as is shown by the downward bend in the graph between 4°C and 0°C. As a result, water reaches its maximum density (1 g/cm3) at a tempera-ture of approximately 4°C (39°F). This decrease in density occurs because, at temperatures below 4°C, the strength of the hydrogen bonds starts to exceed the disruptive random motions of the less energetic molecules, and the molecules start to organize themselves into a more regular arrangement that occupies more volume and decreases density.
 (+)
 (+)
 (−)
 Polarity of the Water Molecule Hydrogen Bonding
 7. As ice (the solid state of water) forms, the crystalline structure of the hydrogen bonds dominates, placing adjacent molecules about 10% more distant, on average, from their nearest neighbors than when in the liquid form at 4°C. This causes the density of ice to drop to about 0.91 g/cm3. This decrease in density when water freezes causes ice to float on water —less dense materials, like wood and ice, float on a more dense liquid, like water. Our world would be a very different place if ice were more dense than water. Ice would begin to grow upward from the ocean floor over time until it occupied a very large percentage of the oceans.
 Like most substances, water changes its density when subjected to increases or decreases in temperature. Unlike other substances, however, water exhibits some peculiar density changes as it approaches freezing and then begins freezing.
 1. A key attribute of water that controls its behavior is its polarity. Recall that in a water molecule, the two hydrogen atoms are on one side of the oxygen, giving the molecule a polarity, which causes water molecules to be attracted to charged atoms (ions). This allows water to interact with other chemical substances, such as salt.
 2. Water molecules are attracted to each other as well as to ions. In water, a bond called a hydrogen bond forms between one molecule’s hydrogen atom and another molecule’s oxygen atom.
 3. Hydrogen bonds form when the polarities of two adjacent water molecules attract one another, causing a bond to form between the molecules. The hydrogen bond is responsible for some of water’s unique properties (e.g., viscosity and surface tension).
 Density of Water as a Function of Temperature4. This graph (▶) shows how the density of water changes with tempera-ture. The curve on the right side shows how liquid water changes density in temperatures slightly above freezing. The vertical break marks 0°C, that temperature at which water freezes. The angled line on the left shows how ice changes density with temperature. Examine the main features of this graph before we explore it further. Read clockwise around the graph, beginning on the other side.
 Sinking and Rising of Water as a Function of Temperature8. These density changes of water as a function of temperature have huge implications for our natural world, many of which will be discussed later in this chapter and throughout the book.
 9. At temperatures between freezing and 4°C, warmer waters are more dense than cooler waters (if they have the same salinity), and will therefore sink, helping to redistribute warmth downward in the ocean. Once ice forms, it is even less dense than warmer waters, so it floats. In most substances, the solid state is more dense than the liquid one, but not for water. Ice is approximately 9% less dense than liquid water.
 10. At temperatures above 4°C, water behaves like most other substances, becoming less dense as it warms. At temperatures above 4°C, cooler water is more dense than warmer water and will therefore sink.
 06.04.a1
 06.04.a2
 06.04.a3
 06.04.a4
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 Before You Leave This Page Be Able To
 Sketch a water molecule and explain why it has polarity.
 Sketch and explain the relationships between the temperature of water and its density, including changes at 4°C and 0°C.
 Describe how water dissolves minerals, and how this affects its density.
 Sketch and explain three ways to decrease the salinity of water and two ways to increase the salinity of water.
 How Does Change in Salinity Affect the Density of Water?
 How Salt Occurs in Water and Changes Its Density
 Increasing the Salinity of WaterDecreasing the Salinity of Water
 5. As the salinity of water increases so does its density, in a reasonably linear fashion. Elevated saline content in water increases its density, so it will sink. Less saline water will rise. The exact nature of the relation-ship between salinity and density also depends upon temperature.
 10. The most obvious way to increase the salinity of water is through evaporation, which removes water molecules but leaves the salt behind. The water vapor contains
 no salt and can be carried far away by motion in the atmosphere, eventually producing freshwater precipitation as rain, snow, sleet, or hail. This fresh water forms the streams and glaciers on land.
 11. Salinity also increases when ice forms on the sea. Fresh water is removed during freezing, leaving
 behind the salt in the water. As a result, the salinity of seawater increases below and adjacent to sea ice. If the sea ice melts, as can occur during the summer, it introduces the fresh water back into the ocean.
 8. Ice consists of fresh water because when it freezes it does not easily incorporate salt into its crystalline structure. When ice melts, it adds fresh water to the body
 of water, diluting the salt content and decreasing the salinity. Ice melting on land likewise provides abundant fresh water to streams, most of which drain into some body of water.
 9. Several types of ice occur in water. The most familiar type is an iceberg (◀), which is a piece of ice broken off a glacier that flowed into a sea or lake. The second type is sea ice (not shown), which forms from freezing of seawater into a smoother layer of ice coating part of the sea.
 7. Dilution of salt content also occurs from the introduction of fresh water, as from a stream. Most rivers contain dissolved salt, but much less than the sea.
 6. One way to decrease the salinity of water is to dilute it with fresh water, such as by adding precipitation to the body of water.
 1. We all know that water can dissolve some solid materials, like salt, but how does water do this? When we add salt crystals, like the one in the center of this block, to a pot of water, each crystal is sur-rounded by water molecules. In the salt mineral halite, sodium atoms have loaned an electron and so have a positive charge (Na+). Such positive ions are called cations. Chlorine has gained an electron and so has a negative charge (Cl−). Such negative ions are anions.
 3. In a similar manner, sodium in halite is a positively charged cation (Na+), and thus is attracted to the negative side of any adjacent water molecule. This attraction can pull the sodium ion away from the halite crystal and into the water.
 2. The negatively charged chlorine anion is attracted to the positive (H) end of the water molecule. If this attraction is strong enough, it can pull the chlorine away from the halite crystal and into the water.
 4. Once dissolved in water, the positively charged sodium cation (Na+) will be surrounded by the negative sides of water molecules, limiting its ability to rejoin the salt crystal. The negatively charged chlorine anion (Cl−) is likewise surrounded by the positive side of the encircling water molecules.
 06.04.b1
 06.04.b2
 06.04.b3
 06.04.b4
 06.04.b5
 06.04.b7
 06.04.b8
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 What Are the Global Patterns of Temperature and Salinity?
 What Is the Observed Pattern of Sea-Surface Salinities?
 6.5
 The oceans vary in temperature and salinity, and therefore also in density, laterally across the surface and from shallower to greater depths. The maps below summarize the global variations in SST and surface salinity. examine the patterns on each map and then compare the patterns between the maps, region by region.
 4. This map (▶) shows salinities of the ocean surface, with red areas having the highest salinities and blue and purple having the lowest. First, observe the main patterns. Then, think about how you might explain these patterns by considering the processes described on the previous two pages, such as the amount of evaporation and cloud cover. After you have done these, read on.
 5. The lowest salinities, represented by the regions in blue and purple, are mostly at high latitudes, such as areas closer to the poles. We can largely explain these low salinities by high-latitude regions being cold, with low amounts of insolation, and therefore low amounts of evaporation. Note, however, that some areas of low salinities are well away from the poles. One low-salinity region is in the very warm water that is southeast of Asia; therefore, the warmest areas of the ocean are not necessarily those with the highest salinity.
 6. High salinities occur in the subtropics, coinciding with locations of the subtropical high pressures. These areas have relatively clear skies and intense sunlight, which together cause high rates of evaporation, and the subtropics have low amounts of precipitation and dilution. The Mediterranean is very saline because it experi-ences high evaporation rates and has a limited connection to the Atlantic, with few high-dis-charge rivers flowing into it. Also note some moderate-salinity water in the northern Atlantic Ocean, near Greenland.
 7. Low salinities away from high latitudes occur (1) where large
 rivers, like the Mississippi, Amazon, and Ganges-Brahmaputra rivers, deliver fresh water to the sea, (2) where cold currents, like the California Current and Humboldt Current, bring less saline waters away from the pole, and (3) in areas of high precipitation, like west of Central America and in the previously mentioned warm-water area southeast of Asia. Find all of these areas on the map.
 1. This map (▶), now familiar to you, shows sea-surface temperatures, with red and orange being warmest and blue being coolest. Note where the warmest seawater is located, and think about what implication this might have for salinity. Do you think this warm water will be more or less saline than waters that are somewhat cooler, like those shown in yellow on this map?
 3. Where are the coldest waters located? Naturally, they are near the poles. Note the cold end of the temperature scale below the map, which shows that some of the coldest areas are at or even below freezing. We would expect ice to be present in these areas. The ice could be forming and increasing the salinity of the seawater left behind, or it could be melting and introducing fresh water into the sea, decreasing the salinity. We might predict that ice would influence salinity.
 THe OCeANS vArY IN SALINITY from place to place and with depth. Spatial variations are due to differences in the amount of evaporation and formation of ice, which increase salinity, versus the amount of precipitation, input from streams, and melting of ice, all of which add fresh water that dilutes the salinity. Also, saline waters are more dense than fresh water, so there are differences in salinity with depth in the oceans.
 2. The dominant feature of global variations in SST is the equator-to-pole contrast arising from the supply of insolation and the amount of energy available to heat the water.
 06.05.a2
 06.05.a1
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 How Do Temperature and Salinity Vary with Depth?The oceans also vary in temperature and salinity as a function of depth. Seawater is warmest near the surface, where it is warmed by the Sun. The distribution of salinity is similar, with the most saline waters near the surface, where there is evaporation. Salinity has more complex patterns too, because saline waters are more dense than less saline water and so they can sink. We present the temperature and salinity data in two pole-to-pole cross sections.
 Before You Leave This Page Be Able To
 Summarize the global patterns of ocean salinity and temperature, how different regions compare, and what factors cause the larger patterns.
 Summarize how salinity and temperature vary as a function of depth, identifying the major distinct types of water at depth.
 1. This pole-to-pole cross section (taken at 20° W longitude) shows Atlantic Ocean temperatures from the surface to the seafloor. Warmer surface waters overlie colder, deep ones. When this occurs, less dense water overlies more dense water, a highly stable arrangement.
 2. Only at polar latitudes, both in the far north (right) and far south (left), are surface and deep ocean water temperatures similar. When shallow and deep waters are similar in temperature and density, they can mix more easily, bringing deep water up toward the surface and causing shallow water to sink. Such mixing of waters from different depths is called overturning or turnover.
 3. This cross section shows salinity (measured in PSU) along the same line, from the North Pole on the right to the South Pole on the left. Examine the patterns on this cross section and compare it with the temperature cross section above. Predict which way some of the water is moving at depth.
 4. In this cross section, a tongue of less saline waters from Antarctica, called the Antarctic Intermediate Waters (AAIW), forms a wedge below saline waters near the surface with somewhat more saline waters at depth. Along the bottom are some moderately saline, very cold and dense waters known as Antarctic Bottom Waters (AABW).
 5. In the upper part of the middle of the cross section is a relatively thin veneer of extremely saline waters that formed from evaporation and limited rainfall in the subtropics. A thicker batch of salinity at 40° N marks saline waters exiting the Mediterranean Sea (MW), which explains the increased temperatures at 30° N to 40° N.
 6. Last, but not least, a key feature is an extensive tongue of saline polar waters that descends near Iceland near 60° N to 70° N and then extends well south of the equator as the North Atlantic Deep Waters (NADW). As we shall explore shortly, this flow of saline waters down and to the south has a major role in moderating the climate of our planet.
 1. To explore how temperature, salinity, and density vary from region to region, this graph plots temperature on the vertical axis and salinity on the horizontal axis. Contours crossing the graph represent differences in density in parts per thousand, as calculated from the temperature and salinity. The yellow star represents the mean temperature and salinity of the world’s oceans. Examine this graph and consider why a region plots where it does.
 2. Equatorial waters are warm due to high insolation and are less saline than average seawater due to heavy tropical rainfall. Warm temperatures and low salinity produce low densities (i.e., numbers on the contours).
 6. Subtropical waters are cooler than equatorial ones, but more saline, because surface evaporation exceeds precipitation. The salinity in particular leads to higher densities (shown by curved lines) of these waters. The most saline waters in the world are in the subtropics, especially where an area of the sea is mostly surrounded by continents and has somewhat restricted interchange with the open ocean. Such very saline waters are in the Red Sea and Mediterranean Sea.
 4. Ice-free polar regions, predictably, have relatively cold seawater. They are also slightly less saline due to lower amounts of insolation and associated evaporation at high latitudes.
 5. In polar zones where sea ice is actively forming, ice removes some fresh water from sea water, leading to greater salinities.
 3. Mid-latitude waters are moderate in temperature and salinity. Compared to the average ocean, they are cooler because they receive less insolation than average, but less saline because precipitation generally exceeds evaporation.
 What Are the Regional Relationships Among Temperature, Salinity, and Density?
 6.5
 06.05.b1
 06.05.b2
 06.05.c1
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 6.6 What Processes Affect Ocean Temperature and Salinity in Tropical and Polar Regions?
 THe exTreMeS IN SeAWATer TeMPerATUre AND SALINITY occur at high and low latitudes. The warm-est and most saline waters occur in the tropics and subtropics, while very cold, less saline waters occur near the poles, away from where ice is actively forming. Here, we examine the processes occurring in some of the warmest and coldest parts of the ocean to illustrate how these important end members affect the planet’s oceans. Here we examine processes occurring in the oceans and atmosphere in some of the warmest and coolest regions to illustrate their importance to the planetary system.
 What Are Warm Pools and How Are They Formed?4. Deep convection over tropical and equatorial regions leads to the release of latent heat and an expansion of the troposphere, causing the tropopause to be higher (17–18 km) over the tropics than over the rest of the planet. At
 these heights, surrounding temperatures are as low as –85°C.
 3. Warm, rising air carries large quanti-ties of water vapor into the troposphere. It cools adiabatically but more slowly than the air around it and therefore continues to rise due to instability, forming very deep convection.
 2. Excess insolation (compared to outgoing longwave radiation) generates warm air and warm sea-surface temperatures (29–30°C). Abundant precipitation falls on the surface of the tropical and equatorial oceans where, despite the high temperatures, precipi-tation exceeds losses to evaporation.
 1. Within Earth’s oceans are regions where the water tempera-tures are higher than in adjacent regions, and these warm regions persist, or re-form, year after year. These regions of warm seawater are called warm pools. The figure here illustrates how they are formed and maintained.
 6. Air moves horizontally across the ocean surface to replace the unstable rising equatorial air, bringing water vapor evaporated from the subtropical regions, where evaporation exceeds precipitation. Once in the tropics, the air rises, condenses, and releases latent heat, which was derived from the subtropics. The tropics therefore accumulate excess energy, to be released in this restricted area of rising air and instability. The ocean warms, forming a warm pool.
 5. Air at the tropopause and in the lower stratosphere is very cold with extremely low moisture content (4 parts per million). It is no longer less dense than air around it since the stratosphere has a temperature inversion. Thus, air moves laterally toward the poles (the yellow arrow) as if along an invisible ceiling.
 Location and Influence of Warm Pools7. These two globes show SST, but they focus on areas of warm pools, which occur in the warmest waters, those shaded red and orange.
 8. Earth’s largest warm pool is repre-sented by the very warm waters near Southeast Asia, broadly between China and Australia. The warm pool is centered on the shallow seas that are partially enclosed by the islands of Indonesia; these are the world’s warmest seas. Warm waters in this region also extend into the adjacent Indian Ocean, so this warm pool is commonly called the Western Pacific Warm Pool.
 9. Another warm pool, often called the Western Atlantic Warm Pool, is centered on the
 Caribbean Sea, between North and South America. This warm pool becomes warmest and best developed in the summer and fall when the full impact of summer warming has occurred. The warm water occupies the Caribbean Sea, Gulf of Mexico, and adjacent parts of the western Atlantic Ocean. The shapes of North America and South America enclose the Caribbean part of this warm pool on three sides.
 10. The warm waters of the Western Pacific Warm Pool sustain rich and diverse life. These seas are famous for their coral reefs and clear, warm waters, stretching from Indonesia (◀) to east of the Philippines, in the island Republic of Palau (▶).
 11. The Western Atlantic Warm Pool forms the warm waters of Caribbean vacation spots, like the Florida Keys, the Cayman Islands, and beaches near Cancun, Mexico (▶).
 06.06.a1
 06.06.a2 06.06.a3
 06.06.a6 Akumal, Mexico06.06.a5 Palau06.06.a4 Raja Ampat, Indonesia
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 10. Many scientists believe that this global-scale connec-tion between the poles — along with feedbacks between the oceans, atmo-sphere, and cryosphere — is responsible for the abrupt changes (vertical gray lines) in climate recorded by ice cores from Greenland and Antarctica (▲). Rapid drops in Greenland temperatures are strongly associated with simultaneous Antarctic warming. These changes occur over short geologic time periods of one to two thousand years, but not as fast as Hollywood would have us believe.
 8. Ice shelves of Antarctica (◀) gain ice in three main ways, all of which result in ice that is fresh, not saline: (1) freezing of seawater below but excluding salt (called brine exclusion), (2) flow of glaciers from land to sea, and (3) snowfall and windblown snow on top. Brine exclusion makes adjacent water more saline, but melting of ice will release fresh water, decreasing
 the salinity. The resulting salinities indicate the relative contributions of freezing versus melting. The photograph to the right is of an ice shelf in Antarctica, but taken looking up at its underside, with a cooperative jellyfish for scale.
 Before You Leave This Page Be Able To
 Sketch and explain processes that form low-latitude warm pools, and identify where they are located.
 Sketch and explain processes that occur in polar areas and how they affect the salinity of water.
 What Processes Occur Around the Poles?
 7. At the same time, cold polar air blows outward across the surface away from the pole, to ultimately replace the warm rising air at the equator. In this way, the oceans and atmosphere are both moving energy and material toward and away from the poles.
 4. Ice floats on the surface of the ocean, due to the unusual physical properties of water. The high albedo (reflectance) of snow and ice reflect much of the already limited insolation back toward space, while the absence of clouds and water vapor ensure considerable heat loss through longwave radiation back toward space. As a result, the surface remains cold.
 3. The lack of water vapor and clouds encourages the loss of outgoing longwave radiation. When combined with the sinking and warming air, this creates a very stable atmosphere due to a near-surface temperature inversion (warmer air over cooler air), which inhibits cloud formation and precipitation.
 2. Cold air aloft moving poleward is extremely dry. Near the pole, it subsides and warms adiabatically. The combination of extremely low moisture contents and warming results in very few clouds.
 6. As the dense, polar waters descend, surface waters from lower latitudes flow toward the poles to replace them. This flow of dense saline waters downward, and their replacement by poleward surface flows of warmer water, sets up circulation involving both the shallow and deep waters.
 5. The formation of ice on the surface of the polar oceans increases the salinity of the underlying waters, turning them into brine — very saline water. This and the very cold water temperatures increase the density of the surface waters to the point that they attain a higher density than that of the deep ocean waters below them, causing surface water to descend unstably.
 9. Iceland is a large island in the north Atlantic Ocean. As are most regions at such high latitudes, Iceland is very cold. It is cloudier and stormier than most Arctic places, however, because of the effect of the Gulf Stream, which brings warmer water and moist air farther poleward than is typical.
 1. In terms of temperatures and humidity, the poles are the exact opposites of a warm pool. Here, we explore the processes near the poles, using a simple example where the entire polar region is ocean (no land).
 06.06.b2 Antarctica 06.06.b3 McMurdo Sound, Antarctica 06.06.b4 Hekla Volcano, Iceland
 06.06.b5
 06.06.b1
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 6.7 How Are the Atmosphere, Oceans, and Cryosphere Coupled?
 THe SUrFACe OF THe OCeANS marks the boundary between earth’s major systems — oceans and atmo-sphere. Both systems move mass and energy laterally and vertically, primarily in response to variations in den-sity and to the equator-to-pole energy gradient. Deep-flowing abyssal waters are generally cooler and denser than surface waters, but they rise in some places and sink in others. The global, three-dimensional flow of energy between the ocean, atmosphere, and cryosphere is a fundamental determinant of global climate.
 How and Why Do Temperature, Salinity, and Density of Seawater Vary?
 3. The poleward edge of the mid-latitudes is another region where rising air is common. Upward atmospheric motions are caused by differences in density between cool polar and warm subtropical air masses, leading to low pressure and an increase in clouds and frontal precipitation. These latitudes receive less insolation than subtropical ones, which, together with the higher albedo of the clouds, reduces evaporation.
 9. In the mid-latitudes, lower insolation and the higher albedo of the clouds reduces evaporation, which, in combina-tion with increased frontal precipita-tion, leads to a freshening of surface waters.
 8. Much insolation reaches the ocean surface in the subtropics, in part due to small zenith angles and a general absence of clouds. The combination of high evaporation and low precipitation leads to these subtropical waters becoming more saline. A marked vertical gradient in water density is a pycnocline. The pycnocline commonly coincides with the thermocline, so it can be called a thermopycnocline.
 2. In the subtropics, air is dominantly sinking in the descending limb of the Hadley cell. This forms semipermanent subtropical anticyclones, whose high pressure causes warming and limits the cloudiness and precipitation.
 4. Near the poles, descending air, combined with the limited insolation, keeps polar regions cold and relatively dry. This in turn limits the amount of evaporation and causes a noticeable absence of precipitation.
 1. Atmospheric motions result from the energy gained by insolation into the lower atmosphere, and by radiative cooling at higher levels. Warm, rising air is located over the seasonally migrating Intertropical Convergence Zone (ITCZ), centered at the equator. As the warm air rises in these regions it cools and produces condensation, clouds, and precipitation.
 6. Unlike the atmospheric system, the oceanic system is heated from the top. Insolation is absorbed in the upper layers of the oceans but does not penetrate far beyond a depth of at most 100 m. This upper zone is warmer and less dense, and is known as the photic zone. Deep ocean waters below these depths are consistently at between –1°C and 4°C throughout the world’s oceans. Water stays in its liquid form at these subzero tempera-tures because the salinity of the water decreases the freezing temperature (like antifreeze in your car) and because of the pressure exerted by the great depths of overlying ocean waters.
 7. Warmer, less saline and less dense waters “sitting” on top of cooler, more dense waters is an extremely stable arrangement which discourages mixing between the two sets of water. The transition from the photic zone to deep ocean waters is usually marked by a very rapid change in density and in temperatures — a boundary called the thermocline. This figure represents the thermocline as the bound-ary between lighter blue (warmer) waters and darker blue (colder) waters.
 5. Clouds in equatorial and tropical regions allow more precipitation than local evaporation, causing a decrease in salinities near the surface. The warmest, less saline waters have low density, forcing waters of interme-diate density beneath them immediately around the equator.
 11. As cold and saline waters near the pole sink deep into the oceans, they begin to flow back toward the equator as abyssal waters. In contrast, the flow of surface waters (i.e., those in the photic zone) is generally toward the poles. Together, the poleward-flowing surface waters and equator-flow-ing deep waters form a circuit of flowing water that acts to “overturn” waters of the ocean.
 10. The formation of sea ice in polar latitudes preferentially extracts fresh water from seawa-ter, leaving a concentra-tion of dissolved salt in the very cold ocean waters. The combination of cool polar sea tem-peratures and high salinity produces surface waters of sufficient density to descend.
 The oceans vary in temperature and salinity, and therefore also in density, laterally across the surface and from shallower to greater depths. The figure below summarizes these variations from equator to pole, and between upper and lower levels of the ocean. Begin with the text above the figure, which describes the atmospheric processes imposed on the underlying sea, and then read how the sea responds to these changes.
 06.07.a1
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 Before You Leave This Page Be Able To
 Sketch and explain what causes variations in temperature and salinity from the equator to the poles, and how this helps drive flow in the deep ocean.
 Sketch and describe a simple map showing the thermohaline conveyor, identifying locations of descending and upwelling water and explaining why these occur.
 What Is the Thermohaline Conveyor?
 5. Neither the Indian nor Pacific Ocean basins extend sufficiently poleward to generate their own northern deep ocean waters, but deep waters upwell in the Indian Ocean
 (5) and join the surface flow around Africa.
 The flow of deep water and surface water combine to form a global oceanic circulation system, commonly called the thermohaline conveyor because it is driven by differences in water temperatures and salinities. This circulation system is among the most important on earth. What is it, where is it, and how does it operate? The best way to understand it is to follow water through the system, beginning in the Caribbean Sea.
 1. Ocean waters in the tropical Atlantic Ocean and Caribbean Sea, along with those in the Gulf of Mexico, heat up before entering the subtropics where their salinity increases through evaporation. Cold waters from the Greenland Sea (1) and the Labrador Sea (2) cool these salty waters in the North Atlantic around Iceland and the Maritime Provinces of Canada, making them sufficiently dense to descend deep into the Atlantic as the North Atlantic Deep Waters (NADW).
 2. At depth the NADW flow south through the Atlantic Ocean, threading their way between Africa and the Americas, crossing the equator, and turning east when they encounter Antarctica.
 4. Once in the Pacific, the deep waters turn north, again crossing the equator. The northward-moving deep waters are ultimately forced to rise, or upwell, at the Pacific
 basin’s northern limit, south of Alaska (6). Surface conditions move these waters back south, into the tropical and equatorial regions, ultimately returning to the Atlantic south of Africa and completing the loop to the Gulf Stream.
 3. Extensive ice shelves extending from Antarctica over the adjacent Weddell Sea (3) and Ross Sea (4) exclude salt water during their forma-tion, causing the nearby waters to be very cold and saline. These Antarctic Bottom Waters (AABW) sink to join the NADW in moving eastward. Some deep waters branch northward into the Indian Ocean basin, while the remainder continues into the Pacific basin, mixing along the way and becoming slightly warmer and less dense.
 9. This map (▶) illustrates the pathways and changing water tempera-tures of the Gulf Stream as it works its way up the East Coast of North America. The stream is warm (orange) in the south where it starts, but cools (yellow to green) as it gets farther north and east, toward Europe.
 6. There is concern about how climate change could impact the operation of the thermohaline conveyor. To evaluate this issue, we can consider how climate change could impact global temperatures, and how these in turn would affect the amounts, distribution, and movement of water due to changes in evaporation, rainfall, and runoff. These factors affect temperatures, salinity, and density of water, which are critical in driving the thermohaline conveyor.
 8. This lower map (◀) shows estimates of the change in salinity between 1975 and 1999, during a time when the Earth was warming. Areas in red became more saline and those in blue became less saline. Increased salinity in the
 subtropics implies reduced rainfall and higher evaporation in response to the increase in temperatures. Lower salinity in warm pools and the mid-latitudes suggests an opposing trend. The trends in polar regions are not consistent. Overall, however, changes in salinity and tem-perature may have severe ramifications for global climate.
 7. This map (◀) shows the flux of water from the surface to the atmosphere, with surface areas in red losing the most water, and surface areas in purple gaining water. Areas along the equator gain water from the high amounts of precipitation, whereas excess evaporation in the subtropics causes the surface to have a net loss of water.
 06.07.b1
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 6.8 What Connects Equatorial Atmospheric and Oceanic Circulation?
 How Do Continents Impact Ocean Circulation?The equator crosses two broad areas of land — South America and Africa — and a large number of islands of the maritime southeast Pacific, including those in Indonesia. These various landmasses block east-west flow in the oceans, turning ocean currents to the north or south. They also cause deep ocean currents to upwell along their flanks.
 eqUATOrIAL AND TrOPICAL reGIONS are areas of greatest excess energy. The interaction of ocean and atmo-sphere systems there have great implications for climate and its variability in other parts of the world. In the same way that the Hadley cells establish connections between latitudes, there are large-scale, east-west connections within the equatorial atmosphere-ocean system. These connections are a major cause of global climate variability.
 1. If there were no equatorial or tropical continents, the world would be circum-scribed by a fairly homogeneous band of warm ocean water. The trade winds, north and south of the equator, would exert a small stress on the surface of the ocean, causing a net westward movement of the waters.
 2. The convergence of winds would produce a slight mounding of the water, which would then spread north and south of the equator. Once in motion away from the equator, the Coriolis effect causes the moving waters to deflect from their intended path, causing warmer surface waters to flow away from the equator in both directions — to the north-west, north of the equator, and to the southwest, south of the equator.
 3. As surface waters move away from the equator, deeper and cooler water beneath the equator must rise, or “upwell” to replace the dispersing surface water. This results in slightly cooler water along the equator than to either side.
 2. Warm, moist air rises above the Western Pacific Warm Pool, where tempera-tures regularly exceed 28°C. As the air rises, it cools adiabatically, producing condensa-tion, clouds, and intense rainfall, as well as releasing large quantities of latent heat into the tropo-sphere immediately above the warm pool.
 1. Once formed along the eastern side of a continent, a warm pool can set up an east-west circuit of flowing air through the tropics.
 3. Unable to penetrate vertically beyond the tempera-ture inversion at the tropopause, the air moves horizon-tally away from the warm pool. As it moves, it mixes with the surrounding cool air and cools.
 4. Having cooled sufficiently, the air descends over the eastern Pacific, warming adiabatically.
 5. This cooler, denser air from above turns west and passes back over the surface along with the trade winds, warming and evapo-rating moisture from the ocean surface as it proceeds westward.
 6. This pattern of east-west equatorial atmospheric circulation, centered upon warm air rising above warm pools, is known as the Walker cell circulation. In 1923, Sir Gilbert Walker first reported “great east-west swayings” of the near-equatorial flow, in the manner represented on this figure.
 5. Islands and peninsulas between Australia and Asia block westward movement of warm surface waters, causing a ponding, or a warm pool, in the western equatorial Pacific.
 6. Cooler waters, an expression of equatorial upwell-ing, are visible in the eastern Pacific.
 4. Continents and other landmasses are in the way of this westward flow of tropical ocean water, causing the warm water to accumulate, or pool, along the eastern side of the land, as expressed on this SST map (▼).
 How Do Warm Pools Influence Atmospheric Circulation Above Oceans?
 06.08.a2
 06.08.a1
 06.08.b1
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 1. Warm pools are pronounced features of the global atmosphere-ocean system, as displayed on this SST map. Trade winds convey warm waters westward through the equatorial regions. In the Atlantic, this movement is blocked by South and Central America, ponding warm water off northern South America and in the Caribbean.
 6.8
 Before You Leave This Page Be Able To
 Sketch and explain the concept of equatorial upwelling.
 Sketch the warm pools in each of the major ocean basins straddling the equator, and explain their distribution.
 Sketch and explain the Walker cell over the equatorial Pacific Ocean, and similar cells elsewhere.
 Do Similar Circulation Patterns Exist over Other Oceans?5. The Indian Ocean differs as its warm pool is located at its eastern edge. This reflects the influence of the adjacent larger Pacific warm pool and the porous barrier between the two. The break between the Pacific and Indian Ocean basins at equatorial latitudes is discontinuous, marked by the islands
 and straits of Indonesia and Maritime Southeast Asia (collectively referred to as Australasia), through which warm waters may pass. Also, the Indian Ocean is unique in not extending beyond about 20° N. The large continental mass gives rise to the Asian monsoon system, whose summer winds are from the southwest, blowing waters back to the east. Low atmospheric pressure is experienced at the surface above the warm pools, and higher pressure is beneath areas where the air is descending.
 2. As shown in the wind-circulation patterns below the SST map, the Walker-like cell in the Atlantic begins with warm, rising air over the Amazon basin of South America — a hot, humid area of rain forest, and the Amazon River and its tributaries. To the west are the Andes along western South America, and the descending limb of the Pacific Walker cell, both of which restrict flow to the west from the Amazon.
 3. The Atlantic Ocean is narrower than the Pacific, so the pattern of circula-tion is not as wide. Air rises above the Caribbean warm pool and the extensive wetlands and forests of the Amazon lowlands, resulting in intense tropospheric convection, second only in its intensity to that of the Western Pacific Warm Pool. Air in the Atlantic cell descends in the eastern Atlantic and over the western side of North Africa, enhancing the regional dryness.
 4. Heating and evapotranspiration from the moist forested surface of the Congo basin produces another zone of rising air and convection over this region, drawing moisture from the Atlantic deep into central Africa. The resulting Walker cell is narrow, being constrained on the west by the Atlantic cell and on the east by the Indian Ocean circulation and air motions in East Africa.
 How These Circulation Systems Were Discovered
 At the end of the 19th and in the early 20th century, India suffered several catastrophic droughts responsible for
 the deaths of millions. These droughts are dis-played on the graph below, which shows departures of the total rainfall received annu-ally in India from the summer monsoon com-pared to long-term averages (1870–2000).
 Sir Gilbert Walker was head of the British Indian Meteorological Department during the droughts of 1918 and 1920. Walker was inter-ested in understanding the causes of drought,
 which naturally led him to investigate regional wind pat-terns and ocean temperatures, both of which are criti-cally important to the Indian mon-soon that is so cru-cial to the lives of the people of India and adjacent countries. Walker began pub-
 lishing his research just as severe droughts ceased. Thus, his contribution was undervalued in his life-time, as reflected in his 1959 obituary which states sardonically, “Walker’s hope was to unearth rela-tions useful for ..... a start-ing point for a theory of world weather. It hardly
 seems to have worked out like that.”Only in the late 1960s, as drought became
 a problem again, was the significance of Walker’s discovery fully recognized, and this principal causal mechanism of equatorial cir-culation and climatic variability was named in his honor.
 06.08.c1
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 6.9 What Are El Niño and the Southern Oscillation?THe MOST WeLL kNOWN AND PUBLICIzeD cause of climate variability, floods, droughts, hurricanes, heat-waves, and landslides is a change in the strength of winds and ocean currents west of South America in what has become colloquially known as El Niño. el Niño is one expression of the ocean-atmosphere system operat-ing over and within the equatorial Pacific Ocean. Phenomena associated with el Niño are more correctly termed ENSO because they involve oceanic (el Niño, EN) and atmospheric (Southern Oscillation, SO) compo-nents, which are linked but respond at different rates. This difference in speed of response, combined with the linkages between the two systems, leads to the intrinsically erratic nature of eNSO.
 What Is El Niño in Its Strictest Sense?Fishermen noted that the waters began warming (▶) toward the end of November and early in December (Southern Hemi-sphere summer), heralding the beginning of the Christmas season. They named this local phenomenon “El Niño,” in reference to the boy child or “Christ child.” Occasionally, as in 1972–73, 1982–83, and 1997–98, the warming is exception-ally strong and persistent, referred to as a strong El Niño pattern. This brings abundant rains to the region, with flash flooding inundating extensive areas. The anchovy and accompanying ecosystem of birds and sea mammals disappear, and the fishing industry collapses.
 1. Associated with changes in the strength of El Niño are fluctuations in air pressures in the Pacific. This map (▶) shows surface air pressures for part of the Pacific Ocean, centered on the equator. Low pressures are darker, whereas high pressures are lighter in color. Sir Gilbert Walker noticed that when air pressure increased in Darwin, Australia, air pressure typically decreased in Tahiti, a cluster of islands farther east in the central Pacific. When pressure decreased in Darwin, it increased in Tahiti. Walker termed this the “great east-west swaying” of the equatorial atmosphere — the Southern Oscillation. Even though it is an equatorial oscillation, it seemed “Southern” to Walker, so it retained this misnomer.
 2. Walker envisioned these coordinated fluctua-tions in air pressures — the Southern Oscilla-tion — as the ascending and descending limbs of a Walker cell over the Pacific. These fluctuations can be portrayed by a simple system (▶), where a change in the air pressures in one limb of the cell is matched by an opposite change in pressure at the other limb. For the Walker cell in the Pacific, conditions at Darwin, Australia, represent the ascending limb (near the warm pool, on the left) and those at the Pacific island of Tahiti represent the descending limb (on the right).
 3. To quantify these changes in pressure, Walker created a Southern Oscillation Index (SOI), which represents the difference in air pressure between Tahiti and Darwin. We calculate it simply by subtracting the air pressure measured at Darwin from that measured at Tahiti (▲). If air pressure is higher at Tahiti than at Darwin, the SOI is positive. If air pressure is higher at Darwin than Tahiti, the SOI is negative. Patterns of alternating fluctuations are apparent in the plot above, which compares pressures to the long-term mean. The graph shows that the SOI switches back and forth from positive to negative modes, generally every couple of years. We can antici-pate that as air-pressure patterns change, wind directions should also change.
 The waters off the coast of northern Peru are generally cold, as shown in this map of SST (◀), because the north-flowing Humboldt Current brings very cold water from farther south. The cold character of these waters is intensified by the upwelling of cold water near the shore. This upwelling occurs because warmer surface waters are pushed westward, away from shore, by dry southeast-erly trade winds descending over the Andes and by complex sea motions. The cold upwelling limits evapora-tion, producing a dry desert coast-line, but it brings to the surface nutrients that nourish plankton and cold-water fish like anchovy.
 What Is the Southern Oscillation?04.09.b3
 06.09.a1
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 Before You Leave This Page Be Able To
 Describe what the term El Niño explains and how it is expressed.
 Describe the Southern Oscillation in terms of the Walker cell circulation and the general relationship between pressures at Darwin and Tahiti.
 Describe some areas of the world where weather is apparently affected by the Southern Oscillation.
 How Is the Southern Oscillation Linked to World Weather?
 1. Walker’s map (▶), drawn in 1936, showed which parts of the globe had air pressures that correlated with the Southern Oscillation Index (SOI), based on observations from only 50 weather stations. Numbers on the map indicate the strength of the relationship, or correlation. Relationships within the area defined by the solid lines are (statistically) significant. The dotted line separates areas in which pressures fluctuate in the same way as Tahiti (positive numbers) from those in which fluctuations are in the opposing direction (negative numbers).
 2. Even this early map demonstrates that extensive areas over Australasia and the Indian Ocean, as far as India and Africa and portions of the eastern Pacific, display significant and opposing relationships to shifts in air pressure represented by the SOI.
 4. Positive associations, represented by light colors, occur in the eastern Pacific, stretching from southern Chile to California. When the index is positive (reflect-ing higher pressures at Tahiti), these areas will also experience higher pressures and probably less rain. When the index is negative (higher pressures at Darwin), they will experience lower pressures and, in all likelihood, more rainfall.
 3. Today we still use Walker’s idea of the Southern Oscillation, except Walker used a different sign convention for this particular kind of map. This modern map (▶), based on the National Center for Climate Prediction’s global climate model, displays correlations in tenths.
 5. Negative values are extensive, covering Australasia and Maritime Southeast Asia, and stretching across the Indian Ocean as far as India and Africa. These areas will have lower pressures and probably more rain when the SOI is positive (higher pressures at Tahiti) and high pressures (less rain) when the index is negative.
 6. The dynamics of ENSO are intimately related to the nature of the thermocline across the equatorial Pacific. Recall that oceans have an upper surface layer that is generally impacted by insolation, with temperatures declining with depth. The transition between the warmer and cooler waters occurs along a clearly defined layer where temperatures cool rapidly with depth, called the thermocline. Since water temperature and density are related, this thermocline corresponds to a similar marked change in density.
 7. During an El Niño, the thermocline becomes lower in the eastern Pacific, a further expression of the abundance of warm water near the surface and an associated decrease in the number of cold-water fish caught in the region. The following two pages describe the different phases and manifestations of ENSO, including the response of the thermocline.
 8. As recognized by Walker, the effects of ENSO are widespread across the Pacific, affecting weather from the westernmost Pacific (e.g., Sulawesi) to South America (e.g., Ecuador), and all the islands in between (e.g., Galápagos). These events affect sea and land temperatures, air pressures, wind directions, rainfall amounts and seasonality, and other important aspects of weather.
 The Southern Oscillation represents a major shift in air pressure, winds, and other factors in the equatorial Pacific, but Walker recognized that changes in the Pacific correlated with changes in weather elsewhere in the world. To investigate these changes, he hand-plotted air-pressure measurements on a world map (top map below). There is a remarkable correspondence between one of Walker’s hand-calculated maps and output from a supercomputer (bottom map).
 06.09.c1-2 Walker and Bliss March-May SOI and global pressures
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 06.09.c4 Sulawesi, Indonesia 06.09.c5 Isla Isabela, Galápagos 06.09.c6 Central Ecuador
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 6.10 What Are the Phases of ENSO?
 What Are Atmosphere-Ocean Conditions During the Three Phases of ENSO?
 THe ATMOSPHere-OCeAN SYSTeM in the equatorial Pacific is constantly changing. Although each year has its own unique characteristics, certain atmosphere-ocean patterns repeat, displaying a limited number of modes. We can use surface-water temperatures in the eastern equatorial Pacific to designate conditions as one of three phases of the El Niño-Southern Oscillation (eNSO) system — neutral (or “normal”), warm (El Niño), and cold (La Niña).
 1. Warm, unstable, rising air over the western equatorial Pacific warm pool produces low atmo-spheric pressures near the surface.
 2. Walker cell circulation in the equatorial troposphere brings cool, dry air eastward along the tropopause.
 3. Cool, descending air over eastern equatorial Pacific produces dominantly high atmospheric pressure at the surface and stable conditions in the atmosphere.
 4. Easterly trade winds flow over the Andes mountain range and then continue to the west across the ocean, pushing west against the surface waters along the coast of South America. The easterlies continue propelling the warm water westward toward Australia and southeast Asia, allowing the waters to warm even more as they are heated by insolation along the equator.
 9. The warm, moist air above the warm pool rises under the influence of low pressures, produc-ing intense tropical rainfalls that maintain the less saline, less dense fresh water on the surface of the warm pool.
 6. The thermocline slopes to the west, being over three times deeper in the western Pacific than in the eastern Pacific. This condition can only be maintained by a series of feedbacks, including the strength of the trade winds.
 7. In the western Pacific, surface waters are warm (over 28°C) and less saline because of abundant precipitation and stream runoff from heavy precipitation that falls on land. The warm surface waters (the warm pool) overlie cooler, deeper ocean water — a stable situation.
 8. Warm waters blown to the west not only depress the thermocline to about 150 m below the surface, but also physically raise the height of the western equatorial Pacific compared to the eastern Pacific.
 5. Westward displacement of surface waters, and offshore winds, induces upwelling of cold, deep ocean waters just off the coast of western South America. Abundant insolation under clear skies warms these rising waters somewhat, so there is no density-caused return of surface waters to depth.
 3. Upon reaching South America, the cool air descends over equato-rial parts of the Andes, increasing atmospheric pressure, limiting convectional uplift, and reducing associated rainfall in Colombia and parts of the Amazon.
 4. Weakening of the trade winds reduces coastal upwelling of cold water, which, combined with the eastern displacement of the descending air, promotes a more southerly location of the ITCZ in the Southern summer and increased precipitation in the normally dry coastal regions of Peru and Ecuador.
 2. El Niño conditions are also characterized by weakened Walker cell circulation over the equatorial Pacific. This is expressed by decreased winds aloft and by a reduction in the strength and geographic range of the easterly trade winds near the surface.
 el Niño and La Niña phases represent the end-members of eNSO, but sometimes the region does not display the character of either phase. Instead, conditions are deemed to be neither and are therefore assigned to the neutral phase of eNSO. To understand the extremes (el Niño and La Niña), we begin with the neutral situation.
 1. During a warm phase (El Niño), the warm pool and associated convective rainfall moves toward the central Pacific.
 Neutral Phase of ENSO
 Warm Phase of ENSO (El Niño)
 5. Changes in the strength of the winds, in temperatures, and in the movements of near-surface waters cause the thermocline to become somewhat shallower in the west and deeper in the east, but it still slopes to the west.
 Thermocline
 Thermocline
 6. For Australia, Indonesia, and the westernmost Pacific, El Niño brings higher atmospheric pressures, reduced rainfall, and westerly winds. Warm pool and associated convective rainfalls move toward the central Pacific, allowing cooler surface waters in the far west.
 06.10.a1
 06.10.a2
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 During the neutral phase of ENSO, SST along the equator in the Pacific are about average, with no obvious warmer or colder than normal waters near the Western Pacific Warm Pool (left globe) or South America (right globe). An area of warmer than normal SST occurs southwest of North America, but this is not obviously related to ENSO.
 During the warm phase of ENSO, a belt of much warmer than normal water appears along the equator in the eastern Pacific, west of South America. This warm water is the signature of an El Niño, causing the decrease in cold-water fishes. SST in the western Pacific are a little cooler than average, so an El Niño is most strongly expressed in the eastern Pacific (right globe).
 During the cold phase of ENSO (a La Niña), a belt of colder than normal water occurs along the equator west of South America, hence the name “cold phase.” The western Pacific (left globe), however, now has waters that are warmer than normal. These warm waters are quite widespread in this region, extending from Japan to Australia.
 4. Partially depleted of moisture and driven by stronger trade winds, dry air descends westward off the Andes and onto the coast. The flow of dry air, combined with the descending limb of the Walker cell, produces clear skies and dry conditions along the coast.
 2. During a cold phase of ENSO (La Niña), Walker cell circulation strengthens over the equatorial Pacific. This increases winds aloft and causes near-surface easterly trade winds to strengthen, driving warmer surface waters westward toward Australasia and Indonesia.
 5. As surface waters push westward and the Humboldt Current turns west, deep waters rise (strong upwelling). The resulting cool SST and descending dry, stable air conspire to produce excessive drought in coastal regions of Peru.
 6. The upwelling near South America raises the thermocline and causes it to slope steeper to the west.
 3. Enhanced easterly trade winds bring more moisture to the equatorial parts of the Andes and to nearby areas of the Amazon basin. Orographic effects cause heavy precipitation on the Amazon (east) side of the mountain range.
 7. In the western Pacific, strong easterlies push warm waters to the west where they accumulate against the continent, forming a warmer and more expansive warm pool. In response, the thermocline of the western equatorial Pacific is pushed much deeper, further increasing the slope of the thermocline to the west.
 8. The region of equatorial rainfall associated with the warm pool expands and the amount of rainfall increases dramatically.
 1. In many ways, the cold phase of ENSO (La Niña) displays conditions opposite to an El Niño, hence the opposing name.
 How Are ENSO Phases Expressed in Sea-Surface Temperatures?
 Before You Leave This Page Be Able To
 Sketch and explain atmosphere-ocean conditions for each of the three typical phases of ENSO, noting typical vertical and horizontal air circulation, sea-surface temperatures, relative position of the thermocline, and locations of areas of excess rain and drought.
 Summarize how each of the three phases of ENSO (neutral, warm, and cold) are expressed in SST of the equatorial Pacific Ocean.
 As the Pacific region shifts between the warm (el Niño), cold (La Niña), and neutral phases, sea-surface temperatures (SST), atmospheric pressures, and winds interact all over the equatorial Pacific. These variations are recorded by numerous types of historical data, especially in SST. The globes below show SST for the western Pacific (near Asia) and eastern Pacific (near the Americas) for each phase of eNSO — neutral, warm, and cold. The colors represent whether SST are warmer than normal (red and orange), colder than normal (blue), or about average (light).
 Cold Phase of ENSO (La Niña)
 Neutral Phase of ENSO Warm Phase of ENSO (El Niño) Cold Phase of ENSO (La Niña)
 Thermocline
 06.10.a3
 06.10.b1-2 06.10.b3-4 06.10.b5-6
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 6.11 Do Impacts of ENSO Reach Beyond the Tropics?
 What Is the Connection Between the Equatorial Warm Pool and the Extra-Tropics?
 WHILe THe IMMeDIATe IMPACTS OF eNSO are restricted to regions near the equatorial Pacific, shifts between different phases of eNSO cause climate variability well beyond the equator and the Pacific. When atmospheric conditions in one region affect a distant region, these distant associations are called teleconnec-tions, and they are caused in this case by interactions with the subtropical and polar front jet streams.
 1. During a La Niña phase, excess warm water accumulates in the Western Pacific Warm Pool. As this excess energy transfers from the ocean to the atmosphere, convection begins to carry the warm, moist air upward.
 2. When the rising air reaches the upper levels of the troposphere, it is transported poleward in the Hadley cell. It has an apparent deflection to the right (due to the Coriolis effect) and becomes part of the rapidly eastward-moving subtropical jet stream. Eventually, the air descends in the subtropics near 30° N latitude.
 3. Warmer air flowing poleward from the subtropics is forced to rise over the cold polar air, along the polar front. This poleward-moving air also has an apparent deflection to its right (in the Northern Hemisphere), joining the rapidly east-flowing polar front jet stream.
 4. The different phases of ENSO are distinguished by the position of the western warm pool (west for La Niña, farther east for El Niño). As this position changes, moist tropical air is fed into the jet streams in different locations along their paths, affecting the subtropical and polar jets, particularly “down-stream” (east) in the jet streams (in both hemi-spheres). Rising air from the warm pools also flows south into the Southern Hemi-sphere, affecting weather there as well.
 The polar front and subtropical jet streams flow in a continuously changing wave-form around the globe, with the positions of the waves governed by locations of high and low pressure. Changes in the strength and location of the global pressure cells, as occur during ENSO events, therefore modify the usual pattern of the jet streams. The jet streams in turn control the typical paths of weather-generated storms and other weather patterns on the surface of the Earth.
 These two views (◀) of the Northern Hemisphere summarize changes in atmospheric pressure that typically accompany the warm and cold phases of ENSO. For each phase, areas in red typically have atmospheric pressures that are lower than normal and those in blue typically have higher than normal atmospheric pressures. The colors do not indicate absolute levels of pressure, just deviations from normal.
 At the same time, higher than normal pressures form in the eastern Pacific, Mexico, and across the southern U.S.
 During a warm phase (El Niño), areas of lower than normal pressure are typically centered over Hudson Bay, the north-central Pacific, and southwestern Europe and Africa.
 During a cold phase (La Niña), the patterns of atmospheric pressure are nearly reversed from those of an El Niño. Higher than normal pressures extend across much of southern Europe, Greenland, and western North America.
 During a La Niña, lower than normal atmospheric pressures are situated along the East Coast of the U.S. and cover most of the eastern Pacific. Recall that high pressure is associated with dry, sinking, commonly cool air, whereas low pressure is associated with rising air and unsettled weather. We would predict such conditions in the blue (high pressure) and red (low pressure) areas on these maps.
 WARM PHASEEl Niño
 COLD PHASELa Niña
 The effects of an eNSO can spread out of the tropics because air near the equator rises and flows northward as part of the Hadley cell. Motions in the Walker and Hadley cells occur simultaneously, so equatorial air can be incorporated into both circulation cells, spreading eNSO effects to distant parts of the globe (a teleconnection). To explore how this teleconnection operates, we follow a packet of the warm air that was produced in the Western Pacific Warm Pool during a cold-phase (La Niña) event. Begin reading on the lower left.
 ENSO and Patterns of Atmospheric Pressure ENSO and Jet Streams
 06.11.a1
 06.11.a4
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 Before You Leave This Page Be Able To
 Sketch and explain the atmospheric connection of the Western Pacific Warm Pool and the subtropical and polar front jet streams.
 Explain how warm (El Niño) and cold (La Niña) phases of ENSO can affect the position of jet streams and other seasonal weather patterns, using examples from North America and elsewhere in the world.
 What Are the Typical Responses to ENSO Around the Pacific Basin?eNSO greatly affects weather conditions over the Pacific and in adjacent continents. The four maps below summarize the weather conditions that result from eNSO during summer and winter. Note that due to the increased energy gradient between the equator and the poles during winter, the “winter” hemisphere frequently shows greater changes with respect to the phase of eNSO than the “summer” hemisphere.
 12. In the Polynesian Islands and northeastern Australia, warm, moist equatorial air clashes with cooler sub-Antarctic air along a northwest-southeast zone (shown in orange). Changes in the strength of the subtropical pressures shift this precipitation back and forth like a large door hinged over northeastern Australia.
 Dec - Jan
 Jul - Aug
 1. During the warm (El Niño) phase, a weakening of the Walker cell and easterlies (trade winds) shifts the Pacific warm pool eastward and limits upwelling next to South America.
 2. As the warm pool shifts eastward, dry conditions spread across the far western Pacific (yellow). If prolonged, these conditions cause drought in this area.
 9. The westward ocean currents cause upwelling along the western coast of South America. The presence of cold waters in the eastern equatorial Pacific causes dry and cool conditions there. The position and intensity of the ITCZ changes, affecting the strength of trade winds, regional precipitation, and tropical storms in the Caribbean region.
 3. The locus of precipitation follows the warm pool into the middle of the Pacific. The weakened easterlies also allow more December-January precipitation along the western coast of South America.
 5. In July and August during El Niño, the central Pacific stays rainy and the western Pacific stays relatively dry.
 11. In July and August during La Niña, the western Pacific is warm and wet because of the presence of an extensive and strong warm pool. The central Pacific stays relatively dry. The appear-ance of excessively cold water cools the coast during the southern winter, decreasing rainfall along much of the west coast of South America.
 6. During these months, effects of El Niño diminish in the Northern Hemi-sphere (where it is summer) but intensify in the Southern Hemisphere (where it is winter and jet streams are more robust).
 7. The position of the southern subtropical jet stream controls the paths of precipitation-bearing frontal systems in the mid-latitudes of the Southern Hemisphere. Central Chile is most sensitive to shifts in the passage of these winter storms. The quantity of snow falling in the Andes controls water available for irrigation in Chilean and Argentinian rivers during the next dry summer season.
 8. During December-January of a cold (La Niña) phase, the Walker cell and easterlies intensify, pushing warm water westward into the Western Pacific Warm Pool, leading to wet conditions across that region.
 Jul - Aug
 Dec - Jan
 Warm Phase (El Niño)
 Cold Phase (La Niña)
 4. In North America, alteration of the path of the polar front in the winter affects the northern part of the continent, while changes in the subtropical jet stream affect conditions over the southern part of the continent.
 10. Effects of La Niña are abundant in North America. These include cooler and wetter than normal conditions next to the Gulf of Alaska, but dry and warm conditions in the southeast U.S.
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 6.12 How Does an El Niño Start and Stop?
 What Are the First Signs that an El Niño May Begin?
 THe eNSO PHASeS, eL NIñO AND LA NIñA, have profound impacts throughout the Pacific basin and neighbor-ing continents. What begins as a local adjustment in sea level and depth of the thermocline in the western Pacific can spread across the equatorial Pacific, triggering an el Niño. Once established, an el Niño directly impacts weather in locations along the western coast of Central and South America and beyond. For these reasons, much effort has gone into devising methods to predict the beginnings and ends of el Niño and La Niña phases.
 The continually shifting relationship between the atmosphere and ocean means that no true “starting point” exists for the onset of an eNSO-related event, such as the beginning of a warm phase (el Niño). The first obvious sign of el Niño is a temporary weakening of the trade winds just east of the International Date Line (IDL). Another is an increase in atmospheric pressure in the westernmost Pacific, as measured in Darwin, Australia, relative to islands farther east in the Pacific, such as Tahiti. recall that these were the two sites used to define the Southern Oscillation Index (SOI).
 6. This sequence of block diagrams tracks the eastward movement of a Kelvin wave, as recorded by anomalous water temperatures on the surface (top of the block) and at depth (the front of the block). Yellow and orange represent higher than normal temperatures in the wave.
 7. The mound of warm water starts in the west and moves eastward along the equatorial Pacific.
 8. The warmer than normal water is concen-trated at depth, along the thermocline which is inclined upward toward the east. As the wave moves east, cooler waters (shown in blue and purple) flow in behind it in the west.
 1. During the warm phase of ENSO (i.e., an El Niño), easterly trade winds that normally blow water westward, piling up warm water in the Western Pacific Warm Pool weaken. This causes a mound of warm water, or a wave, hundreds of kilometers wide to start to move to the east, traveling at about 3 m/s. This type of wave is called a Kelvin wave.
 2. As the mound of warm water moves east along the equator, it raises sea level by a few centimeters and causes more noticeable warming of the SST. The additional thickness of warmer water depresses the thermocline beneath it, while cooler water rises to the west, elevating the thermocline in areas through which the wave has passed.
 3. The combined surface and subsurface perturbations proceed eastward, with the wave moving faster than any individual water molecule. Once set in motion, the wave continues eastward, mostly unaffected by surface winds (lower parts of the wave are too deep). The Kelvin wave moves east until it reaches the shallow seafloor along the west coast of South America.
 4. A Kelvin wave is detectable from slight increases in sea level as the wave passes islands and buoys in the Pacific. The slight rise of sea level is also measurable by satellites. This image (▶) shows not SST but height of the sea floor (like a topographic map), with red being higher and blue being lower. A Kelvin wave is imaged here as the area of high sea levels (red).
 Motion of a Kelvin Wave
 Mid-September 2009 Mid-December 2009Late October 2009
 5. An east-west-oriented mound of surface or subsurface waters might be expected to move poleward (parallel to the yellow arrows), away from the areas of higher sea level, dissipating the wave. However, waters that move away from the equator eventually have an apparent deflection from the Coriolis effect. This deflection bends them back toward the equator. As the Kelvin wave moves east, it therefore remains concentrated along the equator by the Coriolis effect and also by the convergence of trade winds along the ITCZ.
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Predicting El Niño
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 Before You Leave This Page Be Able To
 Sketch and explain how a Kelvin wave develops, moves east, and contributes to an El Niño event when it encounters South America.
 Explain what happens to the warm waters when the Kelvin wave hits South America and how subsequent events lead to the demise of El Niño.
 Summarize some approaches and types of data used to predict El Niño.
 What Happens After the Kelvin Wave Hits South America?
 2. The orange and yellow colors in shallow depths represent the warm remnants of the Kelvin wave, which have started moving west by the time shown here (i.e., the front of the wave has already bounced off South America). The warm waters spread along the coasts to the north and south of where the nose of the wave first impacted the coast. In this way, the oceans west of Peru and Chile have warmed — the signature of El Niño.
 3. Between the top cross section and the middle cross section, the warm waters moved westward and started dispersing, becoming less distinct. As the warm waters move westward, note that colder waters (the blue and green at depth) begin to extend eastward beneath the warm waters.
 4. As the warm water spreads out away from the equator, cold waters from depth upwell into the area vacated by the spreading waters — causing the termination of El Niño. Eventually, warmer than usual conditions prevail in the western Pacific and cooler waters return to the east, the exact opposite of El Niño and the signature of La Niña, the cold phase of the ENSO phenomenon.
 The severe effects of el Niño on the com-mercial fishing industry of Peru and nearby countries, and the wide-reach-
 ing climatic impacts, have led governments to invest significant resources studying and pre-dicting eNSO events, especially el Niño. In recent decades, warm phases of eNSO (el Niño) have displayed a tendency to reoccur about once every 5–7 years and to last 12 to 18 months. A severe el Niño in 1982–1983 caused much damage to the economy of Peru, prompting more detailed study of the phe-nomenon. As a result of these efforts, scien-tists predicted major el Niño events in 1986–1987 and 1997–1998, allowing the affected countries to prepare for the crisis.
 The types of data considered in these predictions include changes in atmospheric pres-sure (e.g. SOI), SST (measured by ships, buoys, and satellites, shown in the map to the right), observed decreases in the trade winds, and relative changes in sea level between sites in the western Pacific versus those far-ther east. The various types of data are processed and
 modelled using supercomputers because the number of variables and number of computa-tions are both substantial. Some models try to simulate nature by using complicated equa-tions of atmospheric and oceanic motion and energy transfer, and others try to identify the “fingerprint” of an eNSO event from records of past events. A common forecasting tool is to calculate and plot graphs of SST anomalies over time (as in the graph to the right), for dif-ferent regions of the Pacific (numbered NINO 1, 2, 3, and 4). It is an evolving and exciting field of study, with important implications for our understanding of regional and global cli-mates and how they change.
 The kelvin wave moves east until it is confronted with the barrier of continental South America. At this point, some waters spread out along the coast, while some are reflected westward back across the Pacific.
 1. The colors on the globe and the top surface of each block diagram again show height of the sea surface, not SST. In red areas, sea levels are anomalously high, whereas they are anomalously low in blue and purple areas. The cross sections on the sides of the blocks indicate temperatures of the sea at various depths, with red being warmest and blue being coldest. They show a progression of what occurs as the Kelvin wave bounces westward of South America.
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 6.13 Do Other Oceans Display Oscillations?
 Is ENSO Linked to Climate Variability Around the Indian Ocean Basin?The Walker circulation cell over the Pacific shares a common ascending limb with a similar cell over the Indian Ocean. It is reasonable to assume, therefore, that atmosphere-ocean interactions in both may be linked, like two giant atmospheric gears that are meshed over the warm pool in the western Pacific and eastern Indian Ocean. Changes in the strength or location of that warm pool likely has consequences for areas bordering the Indian Ocean basin.
 eNSO reMAINS THe GreATeST CAUSe of climatic variability at a global scale, but oscillations have been iden-tified in other ocean basins and shown to have regional impacts. Whether these phenomena are linked or “cou-pled” with eNSO is still debated, but they may be responsible for long-term variations in our climate. One such oscillation occurs in the Indian Ocean, and another occurs in the Atlantic Ocean, both of which are described here. A third oscillation occurs in the Pacific (the PDO) and was presented at the beginning of the chapter.
 2. The rising air flows west once it nears the tropopause and then descends over the western equatorial Indian Ocean, off the coast of Africa.
 3. The descending air then flows east across the surface of the Indian Ocean, to once again join the ascending limb over Australasia and Indonesia. This circulation is called the Indian Ocean Dipole (IOD).
 1. The atmosphere over the Indian Ocean features a Walker-like cell, with ascending air over the warm pool on the eastern side of the ocean, near Indonesia, northern Australia, and Australasia. This convectively rising air produces clouds and precipitation in these areas.
 8. The weakened, displaced cell caused the southeast trade winds to strengthen and blow warmer surface waters to the west, piling them up along the coast of East Africa and limiting the amount of upwelling that normally characterizes this area. Cooler water was upwelled west of Indonesia to replace the water blown to the west. The configura-tion of warmer waters than normal in the west and cooler ones in the east, a characteristic of the El Niño phase, is termed a positive IOD.
 6. In 1997, in association with a strong warm-phase ENSO (El Niño off South America), the Western Pacific Warm Pool shifted eastward into the central Pacific. This also caused an eastward shift in the position of the ascending air, which in turn determines where the Pacific Walker cell meshes with the IOD.
 4. We study variations in circulation by examining differences in SST and pressures between an eastern area near Sumatra (near the ascending cell) and a western area off the coast of Africa (under the descending cell). These two locations are shown on the SST map below, on which red shows areas that are warmer than average and blue and green shows areas that are colder.
 5. This map shows SST for 1997, a year of a strong warm phase of ENSO (El Niño). In the Indian Ocean, this event produced cooler water in the area of Indonesia (blue and green) as the Western Pacific Warm Pool moved toward the central Pacific.
 Response to a Warm-Phase ENSO Response to a Cold-Phase ENSO9. During 1998, a cold-phase ENSO (La Niña) prevailed, bringing unusually warm waters to Australasia. The warm waters control the position of the ascending cell of the Indian Ocean dipole, which in turn affects conditions over the entire Indian Ocean.
 10. As the circulation cell migrated westward, descending air returned to the coast of Africa. The southeast trade winds weakened as they were combatted by the west-to-east surface Walker circulation. Winds
 pushed warmer water toward Indonesia, allowing colder water to upwell along the coast of equatorial East Africa, an area rich in marine life. This configuration, with cooler waters to the west and warmer ones in the east is termed a negative IOD.
 7. This shift reduced the amount of rising air over Indonesia and moved the descending limb of the cell eastward, away from the coast of Africa (more over the Indian Ocean).
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 What Is the North Atlantic Oscillation?Air pressures in the North Atlantic are dominated by two semipermanent features — the Icelandic Low to the north and the Bermuda-Azores High to the south. each pressure zone is stronger at some times than others, and the difference in pressure between the two varies as well. This variability in pressure difference between the two pressure centers is known as the North Atlantic Oscillation (NAO).
 6. Northwest Europe and European Russia experience warmer, wetter winters, while southern Europe, North Africa, and the Middle East suffer drought in what is usually the wet season.
 7. When the NAO index is positive, the polar front jet stream and associated storms are steered northward, leading to warmer winters in the northern U.S. and unusual tropical air over the Southeast.
 9. During a negative NAO, cold, dry continental air dominates Russia and north-west Europe, limiting the amount of clouds and precipi-tation. The lack of clouds enables a large loss in radiant heat, keeping the region cold.
 10. A southerly position of the jet stream and storm track bring moist Atlantic air over southern Europe, the Mediterranean, and North Africa.
 1. The Icelandic Low is a region of low atmospheric pressure that resides over the water of the North Atlantic Ocean, generally near Iceland. Circulation around the low is counterclockwise and inward.
 2. The Bermuda-Azores High is a region of high pressure located farther south in the Atlantic, typically in the vicinity of the Azores islands west of Spain. Circulation around the high is clockwise and outward. The position of the high varies somewhat with time, but stays in this general vicinity.
 3. The opposite rotations of the two pressure areas act to funnel material, such as a storm, in from the west, accelerate it, and eject it out the other side. Material leaving the “funnel” on the east side can
 turn to the northeast if it is mostly under the influence of the counterclockwise, inward rotation of the low, or to the southeast if it is instead influenced by the clockwise and outward rotation of the high.
 5. The relative strength and positions of the high and low control the position and strength of the polar front jet stream over eastern North America, the storm tracks across the North Atlantic, and the trajectory of the jet stream and storms across northwestern Europe, the Mediterranean, and North Africa. This top map shows the typical winter impacts of a positive NAO, when there is a large pressure difference between the low and high.
 8. A negative NAO index occurs when there is less pressure difference (i.e., less of a pressure gradient) between the high and low. The Ber-muda-Azores High is not as strong and so is less able to block or guide storm systems compared to the way it does under a positive NAO. In the winter, the weakened high pressure allows the polar front jet stream and storm tracks to move southward, permitting the passage of cold Canadian air over the eastern U.S. and resulting in greater than normal snowfall. Once over the Atlantic, the jet stream and storm track continue in an eastward direction toward Europe and Africa.
 Weather Impacts of a Positive NAO
 Weather Impacts of a Negative NAO
 Before You Leave This Page Be Able To
 Sketch and explain the Indian Ocean Dipole, including changes in winds and water temperature during positive and negative phases.
 Explain the North Atlantic Oscillation, how the positions of the Icelandic Low and Bermuda-Azores High guide passing storms, and how positive and negative phases of the NAO impact winter temperatures and precipitation on either side of the North Atlantic.
 4. The NAO index is expressed quantitatively as the differ-ence in pressure between the Bermuda-Azores High and the Icelandic Low. When the difference in pressure is greater than normal, the NAO is said to be in a positive phase. When the pressure difference is less than normal, the NAO is in its negative phase. Like the other indices, we commonly plot the index as a function of time to discern large-scale patterns of weather and climate.
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What Influences Climates Near the Southern Isthmus of Central America?
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 6.14
 THe SOUTHerN ISTHMUS OF CeNTrAL AMerICA is geographically and climatically one of the most interesting places in the world. It is a narrow strip of land that connects Central America and South America and that sepa-rates very different waters of the Pacific and Atlantic Oceans. The climate of the region reflects intricately changing wind patterns and atmosphere-ocean interactions, including a migrating ITCz, effects of the el Niño–Southern Oscillation (eNSO), and mountains with rain shadows on different sides at different times. The interactions between these various components lead to unusual climates and large variability within a single year and from year to year. The interactions have regional and global consequences.
 6. Much of the region is dominated by the northeast trade winds that blow from the Caribbean Sea, across the isthmus. Embedded in the trade winds is a low-altitude, fast-flowing current of air called the Caribbean Low-Level Jet (CLLJ).
 3. The isthmus and the adjacent parts of South America are north of the equator, but in tropical latitudes, centered around 10° N.
 4. Crossing the region in an approximately east-west direction is the Intertropical Convergence Zone (ITCZ), which has a seasonal shift north and south. In September it is as far north as 13° N.
 8. From November to April, while the ITCZ is displaced to the south, the northeast trade winds and the CLLJ flow southwest across the isthmus, carrying warm, moist air from the Caribbean Sea. The Carib-bean is part of the Western Atlantic Warm Pool, similar in origin and setting to the warm pool of the Pacific. The Atlantic warm pool forms when trade winds blow water westward until it piles up against Central America. When the moist air is forced up over the mountains of the isthmus at Costa Rica, heavy oro-graphic rains fall on the Caribbean flanks of the mountains, while the Pacific coast experiences a dry season from the rain-shadow effect.
 9. During the opposite time of year, from May to October, the Pacific coast of Costa Rica experiences its rainy season. This corresponds to the northernmost migration of the ITCZ across the region,
 which allows the southwesterly winds to bring in equatorial Pacific moisture. As the moist Pacific air is forced eastward over the mountains, orographic rain falls on the west side. At the same time, the rising air in the ITCZ is over the area, producing heavy rain on a nearly daily basis.
 1. The region around the Isthmus of Panamá includes the southward-tapering tip of Central America, including Costa Rica and Panamá, and the wider, northwest end of South America, including the country of Colombia. The spine of the isthmus is a volcanic mountain range in Costa Rica, but the Panamá part is lower (hence the location of the Panamá Canal). Colombia contains the north end of the Andes mountain range.
 2. West of the land is the Pacific Ocean, and to the east is the Caribbean Sea, a part of the Atlantic Ocean. The Caribbean Sea is bounded on three sides by land — North America to the north, South America to the south, and Central America, including the Isthmus of Panamá, to the west. On the east, the Caribbean is open to the main part of the Atlantic through gaps between individual, mostly small islands, of the Greater and Lesser Antilles. As a result of the Caribbean being partly enclosed and being within the tropics and subtropics, the waters of the Caribbean are generally warmer than those of the Pacific.
 7. In most tropical regions, the ITCZ is north of the equator during the northern summer (e.g., July) and south of the equator during the southern summer (e.g., January). In this region, however, the ITCZ stays in the Northern Hemisphere because of the cold Humboldt Current farther south. Related to this position are southwesterly winds that originated in the Southern Hemisphere as the southeast trades and are deflected back northeastward when they cross the equator as they flow toward the ITCZ. They reach farther north during times when the ITCZ is farther north.
 5. In January, the ITCZ shifts to the south to near 5° N, following the seasonal migration of direct-overhead insolation to the south.
 Wind Patterns and Weather During the Winter
 Regional Wind Patterns and Positions of the ITCZ
 Wind Patterns and Weather During the Summer
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 16. The opposite occurs during a cold phase of ENSO, as shown in this globe. Waters are colder than normal in the equatorial Pacific west of South America, but are more typical offshore of Central America. The waters of the Caribbean, however, are warmer than typical. The changes in water temperatures and air pressures between the warm and cold phases of ENSO cause changes in the directions and strengths of winds. For instance, the strength of the CLLJ in June through August is stronger in warm phases than in
 cold phases. Changes in position of the ITCZ and strengths of winds cause differences in the risk of flooding, as depicted in the graphs below.
 11. Recall that the Caribbean Sea is part of the Western Atlantic Warm Pool, so it has very warm water during July and August (during the northern summer). As a result, the trade winds and CLLJ bring moist air across the region. As this air climbs the eastern side of the mountains, much of the mois-ture is lost to precipitation, yielding a rainy season on this eastern (Atlantic) side of the country on these months.
 12. During July and August, the vigor of the trade winds and CLLJ blow surface waters of the Pacific Ocean offshore, causing upwelling of cooler water in the Gulf of Papagayo at the Costa Rica/Nicaragua border and a temporary suppression of the convective activity in the ITCZ. This causes the short dry season (Veranillos) on the western (Pacific) side of the country.
 13. Warm, moist air farther offshore produces deep tropical convection, and an outflow of cooler, drier air descends over northwestern Costa Rica, preventing convection over the upwelling.
 10. In July and August, the rainy season of western Costa Rica is temporarily interrupted by a dry spell of several weeks called the “Veranillos” (little summer). This dry spell occurs when the Caribbean Low-Level Jet (CLLJ) reaches its maximum intensity. The jet accelerates through the topographic break in the mountain belt between Costa Rica and Nicaragua.
 ▶ 17. These two graphs show the amount of rainfall during warm and cold ENSO events. Flooding on the Pacific flank (left graph) corresponds to the northward migration of the ITCZ during June through Septem-ber. In warm phases (red bars), this migration is reduced, the CLLJ intensifies, and the Veranillos expands. In contrast, rivers on the Caribbean flank (right graph) generally flood when the CLLJ intensifies (JA and NDJ). Flooding intensifies in the Caribbean during warm phases (red bars) and in the Pacific during cold phases.
 ENSO Warm Phase ENSO Cold Phase
 Before You Leave This Page Be Able To
 Sketch and label the main wind features that affect this region, explaining how each one forms.
 Sketch and explain a cross section for each of the main settings for rainfall in the isthmus and in nearby South America.
 Summarize some changes that occur when the region is in a warm or cold phase of ENSO.
 Regional Wind Patterns and Positions of the ITCZ
 14. The weather patterns are already very interesting and unusual, but this region also falls under the influence of ENSO. These two globes show SST during ENSO warm and cold phases, relative to the long-term averages. Red and orange show SST above their typical value for a region, whereas blue shows SST that are colder than normal for that area. What patterns do you observe near Central America?
 15. During a warm phase of ENSO (El Niño), warmer waters appear in the eastern equato-rial Pacific, as shown by the red colors along the equator. Note that Pacific waters west of the isthmus are warmer than usual, but waters of the Caribbean are colder than normal. The warmer than usual waters of the equatorial Pacific are a site of rising air, drawing the ITCZ south and west of its usual position. The displaced ITCZ reduces rainfall along the Pacific flank of Costa Rica and enhances the Caribbean trade winds. This increases rains along the Caribbean slope, while the Pacific slope suffers from an enhanced rain-shadow effect and an extended Veranillos.
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 6.15 What Oceanic and Atmospheric Patterns Are Predicted for a Newly Discovered Planet?
 Main Procedures
 1. Observe the distribution of continents and oceans on the planet. Note any features that you think will have a major impact on the climate, weather patterns, and other aspects of atmosphere-ocean-cryosphere interactions. Descriptions of some features are on the next page.
 2. Draw on the worksheet the predicted patterns of atmospheric wind circulation (trade winds, westerlies, etc.), assuming that the patterns are similar to those on Earth.
 3. Draw on the worksheet the likely paths of ocean currents within the central ocean. Identify the segments of a current that will be a warm current, cold current, or neither.
 4. Draw on the worksheet the likely locations of warm pools and shade in red any area on land whose climate will be heavily influenced by the presence of this warm pool. Shade in parts of the ocean that are likely to be more saline than other.
 5. From the pattern of winds and ocean currents, identify which side of a mountain range would have relatively high precipitation and which side would have lower precipitation because it is in a rain shadow. Color in these zones on the worksheet, using blue for mountain flanks with high precipitation and yellow for areas of low precipitation. Note, however, that precipitation patterns along a mountain range can change as it passes from one zone of prevailing winds into another, or if wind directions change from season to season.
 Follow the steps below, entering your answers for each step in the appropriate place on the worksheet or online.
 PLANeT W is a newly discovered planet that is similar to earth. It has oceans, an atmosphere very similar to earth’s, and ice at both poles. Since no astronaut has yet ventured to the planet, we currently only know things we can observe from a distance, specifically the physical geography — the distribution of land, oceans, and sea ice, as well as the larger features on land. To guide future expeditions, you will use the known physical geogra-phy to predict the global patterns of wind, ocean currents, and atmosphere-ocean-cryosphere interactions.
 • Observe the global distribution of continents and oceans on Planet W. • Create a map showing the predicted geometries of global winds, ocean currents, and major atmospheric
 features, like the ITCZ and polar front. • Draw cross sections that portray the global patterns, predicting the locations of warm pools, zones of high
 and low precipitation, and possible sites for ENSO-type oscillations. • Use your predictions to propose two habitable sites for the first two landing parties.
 Goals of This Exercise:
 Optional Procedures
 6. Draw four cross sections across the central ocean, extending from one side of the globe to the other. Of these cross sections, draw one in an east-west direction across each of the following zones: (1) between the equator and 30° (N or S); (2) within a zone of westerlies (N or S); and (3) within the south polar zone, south of 60° S. The fourth cross section can be drawn at any location and in any direction, but it should depict some aspect of the oceanic and atmospheric circulation that is not fully captured by the other cross sections. On each cross section, draw the surface wind patterns, zones of rising or sinking air, and possible geometries of a Walker cell or other type of circulation, where appropriate. Be prepared to discuss your observations and interpretations.
 7. Draw a north-south cross section through the oceans, showing shallow and deep flows that could link up into a thermohaline conveyor. Describe how this might influence the climate of the entire planet and what might happen if this system stops working.
 Your instructor may also have you complete the following steps. Complete your answers on a sheet(s) of graph paper.
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 1. A continent, simply called Polar Continent for now, is over the North Pole, but slightly off to one side. The western part of the continent extends south of 60°, but there are no data about whether this part has ice. There appear to be ice shelves and sea ice surrounding part of the continent.
 2. There is a gap between Polar Continent and those continents to the south, providing a relatively land-free zone through which the ocean can circulate. Consider
 how this gap might influence speeds of winds and ocean currents here.
 3. A nearly continuous mountain range runs
 along the coast of Eastern Continent.
 1. The planet rotates around its axis once every 24 hours in the same direction as Earth. Therefore it has days and nights similar to Earth’s. It orbits a sun similar to our own, at about the same distance. Its spin axis is slightly tilted relative to the orbital plane, so it has seasons.
 2. The planet has well-developed atmospheric currents, with wind patterns similar to those on Earth.
 3. The oceans are likewise similar to those on Earth. They are predicted to have ocean currents that circulate in patterns similar to those on Earth. The oceans are predicted to have variations in sea-surface temperature, salinity, and therefore density, but no data are available for these aspects.
 4. The planet has ice and snow near both poles, some on land and some over the ocean.
 Some Important Observations About the Planet
 5. Western Continent does not have significant mountains but, like Eastern Continent, has a curved coastline with large peninsulas that extend out into the ocean and embayments, where the ocean curves into the land.
 4. There is extensive ice and snow over the South
 Pole, but the ice is floating on the ocean (there is no land at the
 pole). The sea ice extends to the Eastern and Western Continents, both of
 which also have glaciers that flow downhill toward the sea, where they melt.
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