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EARTHSYS/ESS 8: The Oceans

Activity 3


Activity 3 Due May 2, 2017 by 1:29 pm

Names of group members:

PLEASE WRITE YOUR ANSWER IN DIFFERENT COLOR TEXT! 
Surface Ocean Currents and Ocean-Atmosphere Interactions
Guidelines:  
Students will work in small-groups to complete the assignment. All students must work together on each step of the activity. A single document will be turned in as a group (include everyone’s names) via email to instructors (Kate, Hannah, and Amber). The document should be clearly named as “LAST_NAMES_activity1.” You can answer the questions directly in this document, but please type answers in a different color text. The activity is due before the start of the next class (5/2). 

It is important to fully read all of the background information provided in this document – this will help you answer the questions in the activity. You may also consult your textbook, lecture notes, or reputable internet resources to aid you in your answers.  
Objectives
· Describe the patterns and causes of basic atmospheric circulation

· Explain the Coriolis effect and its importance in ocean and atmospheric circulation
· Use detailed atmospheric wind and pressure models to explore circulation patterns

· Describe how ocean drifter buoy data can be used to model ocean currents

· Describe ocean-atmosphere interactions, including Ekman spiral and transport
· Describe surface ocean circulation

Summary
Large-scale circulation in the surface ocean is largely driven by winds.  As air masses in the atmosphere pass over the ocean surface, they impart their energy and generate movement.  Once water is in motion, it tends to stay in motion (due to inertia), meaning that surface ocean circulation is most directly related to average atmospheric circulation over long time periods, rather than day-to-day events such as storms.  Surface currents may also be deflected by continents, other land masses, or by running into other currents.

Since the general pattern of atmospheric air circulation is governed by the non-uniform distribution of solar heat on the planet, which is relatively constant on a year-to-year basis, large-scale surface ocean currents are in relatively constant and predictable patterns as well.  Circulation in the ocean and the atmosphere work together to control the heat budget of the planet by transporting heat in the tropics to higher latitudes, where it can be dissipated. Oceanic and atmospheric circulation thus play a critical role in modulating and influencing Earth’s climate.  In order to understand surface ocean circulation, it is important to consider circulation in the lower atmosphere and the general pattern of winds.  
In this activity, we will first explore atmospheric circulation using online wind and atmospheric pressure animations from the National Center on Atmospheric Research (NCAR, http://www.ncar.ucar.edu/).  We will then use ocean buoy data from NOAA’s Global Drifter Center (http://www.aoml.noaa.gov/phod/dac/gdp.html) to show surface ocean currents. Activity created by Molly Palmer, Stanford University
PART 1: Atmospheric Circulation

Background: Air in the atmosphere moves due to changes in density caused by unequal solar heating across latitudes.  Intense solar heating at the equator warms the air, causing it to rise (low pressure); this rising air mass is eventually pushed away from the equator by further rising air, and flows towards the poles, eventually cooling and becoming denser, which causes it to sink (high pressure).  If the Earth was totally flat and did not rotate, this would be the entire story for atmospheric circulation – air would rise at the equator and move towards the poles where it would eventually converge with other air masses and subsequently cool and condense.  This dense air would then sink, and be pushed away from the poles by other air masses sinking on top of it, eventually moving back towards the equator (figure 1).  However, Earth’s rotation as well as the influence land topography complicates this.
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The eastern rotation of the Earth causes air masses to appear to be deflected as they move across latitudes – this is called the Coriolis effect.  Objects at the equator are moving at a much faster speed than objects at the poles.  Think of it this way – in one day, or one 24-hour period, an object moving along the equator has to cover nearly 10,000 km, vs. only a few hundred near the poles!  The speed at the equator is roughly 1700 km/hr, vs. only 850 km/hr at 60° N.  As an object (such as an air mass or water mass) moves from the equator northward towards the poles, it maintains the easterly velocity imparted to it by the rotation of the Earth that it started with.  Thus, if you trace the path of the object as it moves northward from the equator, after a certain amount of time the object will have travelled much further in the eastern direction than objects at its new latitude.  It thus will appear (relative to the Earth’s surface) to have been deflected to the right of its motion in the Northern Hemisphere (see figure 2).  Similarly for objects in the Southern Hemisphere – they will appear to have been deflected to the left of their motion. 
More info: the following two links provide animated demonstrations of the Coriolis Effect. 
http://www.classzone.com/books/earth_science/terc/content/visualizations/es1904/es1904page01.cfm
http://www.nasa.gov/mov/142639main_corioliseffect_cc.mov
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The general pattern of atmospheric circulation is shown in Figure 3.  Warm air rises at the equator and is deflected by Coriolis so that it sinks by 30° north and south.  As this sinking air travels back to the equator, it is also deflected, and forms the Northeast and Southeast Trade Winds (note: winds are named from the direction in which they originate).  Some of the air sinking at 30° also travels towards the poles and eventually rises again at 60°.  The air masses traveling between 30° and 60° are deflected by Coriolis and form the Westerlies.  This rising air at 60° travels both north and south; some of it sinks at 30°, while the rest moves towards the poles, cooling and becoming more dense and then sinking at the pole. 
For this part of the activity, you will be using Global Climate Animations created by the Dept. of Geography at the University of Oregon, online at:

http://geography.uoregon.edu/envchange/clim_animations/
1. Global Air Temperatures: 
Temperature at the surface of the Earth is related directly to incoming solar radiation, which varies with season and latitude.  Examine the pattern of air temperature over the year presented at: http://geography.uoregon.edu/envchange/clim_animations/flash/tmp2m.html 
Play the animation and watch the change in surface air temperature over time.  Describe the general pattern of air temperatures by answering the following questions:

1a.  How do the most prominent bands of temperature move over the course of the year?  (Hint: To visualize these changes, it may be easiest to choose a band, say the warm band at the equator, and note its location in spring, summer, fall, and winter—note if you are mentioning Northern Hemisphere or Southern Hemisphere seasons.)
1b.  Compare the temperature change over the continents to the change over the ocean throughout year.  Where is the change the greatest?  Which areas change the least? Why do you suspect this is so?
1c.  How much temperature difference is there between the Arctic and the Equator on land? Over the oceans?  What month is this difference the greatest?  The least?
2. Global Atmosphere Circulation: 
Atmospheric circulation is largely driven by the uneven distribution of solar heating and the resultant changes in air density.  For this question, you will be using animations of wind speed and atmospheric pressure.  The key thing to remember is that high pressure on the surface of the Earth is where air is sinking (such as at the poles), and low pressure is where air is rising (such as at the equator).  Open link below and scroll/play through the months.  On this animation, the colors represent atmospheric pressure, and the arrows represent wind speed (given by the length of the arrow) and direction.
http://geography.uoregon.edu/envchange/clim_animations/flash/mslp.html
Describe the general pattern of atmospheric pressure by answering the following questions: 
2a.  What regions of the ocean have the highest and lowest pressure, and during which month(s)?  How much variation is there over the course of a year?  Describe ‘regions’ in terms of general ocean and hemisphere (for example, Pacific Ocean, Northern Hemisphere).
2b.  List an area on the planet where…

The winds are fairly constant throughout the year: 
The winds are highly variable: 
There is very little wind: 
2c.  (Synthesis) When and where do you have the highest high pressure in the Northern Hemisphere Atlantic and Pacific Oceans?  Why is this?  
2d. (Synthesis) What is the pattern of surface winds during the times you listed for 2c? Hint: For example, are the winds consistent or highly variable? Strong or weak? At what point do they intensify and why do you suppose that is?
PART 2: Surface Ocean Circulation

We have learned that surface ocean currents are largely governed by surface wind patterns, at least on large temporal and spatial scales.  How do oceanographers learn about surface ocean currents?  Satellites can offer some information on circulation in the surface ocean, particularly to study longer-term characteristics and variations.  Another tool oceanographers can use are drifter buoys, which are released into the ocean to float with currents and take measurements along the way with built-in instruments.  These buoys send their data up to satellites several times per day, allowing us to have near real-time analyses on oceanographic conditions.  For this reason, drifters have recently been deployed in front of hurricanes (12 drifters were deployed in front of hurricane Gustav on August 31, 2008 before it landed on Louisiana) to help us learn more about these weather phenomena.  Thirty to forty centimeters in diameter and 5 to 7 m long, subsurface drogues (sea anchors) are left to hang about 15 m below the surface buoy in order to guarantee that instrument is carried along with the dominant surface current.  The surface buoy itself is armed with battery packs, transmitters, thermometers, barometric pressure gauges, anemometers, salinity sensors, and more.  Most drifters’ lifespan is around 400 days.  For more information, read NOAA’s site at: http://www.aoml.noaa.gov/phod/dac/gdp_drifter.php
3a.  You are given data from 3 buoys deployed in the North Pacific in 1995 (Table 1).  Plot these data on the Pacific Ocean Map (attached at end).  Use longitude and latitude data to plot the position of each buoy location during the year. You may plot this points digitally (in word or PowerPoint) or you may plot the points by hand and include a photo of your map in the submitted activity. Then, connect the locations with the lines and draw and arrow to show the direction of motion.  
***Note: Longitudes 80-180 degrees on the left (west) side of the diagram are “East Longitudes” and are, by convention, positive numbers.  Longitudes 180-80 on the right (East) side of the map are “West Longitudes” and are negative numbers by convention.  Northern latitudes are positive and in the upper part of the map, southern latitudes are negative and in the lower half of the map.
3b.  Refer to the attached map of surface currents and name the current that moved each buoy: 

Buoy 12410: 
Buoy 15022: 
Buoy 22217: 
3c.  The currents you plotted for part (a) are all part of the North Pacific Subtropical Gyre.  This is a clockwise-moving gyre that runs along the equator, up the side of Asia and Japan, and returns to North America.  During this process, it moves along the coast of California. Do you think it carries warm or cold water past California? How does this help mediate the Earth’s climate?
4.  As you have been reading, surface winds greatly influence surface ocean circulation.  How do the path of the Westerlies and the Northeast Trade Winds compare to ocean circulation in the North Pacific Gyre?  What else affects the general pattern of circulation in the North Pacific Subtropical Gyre?
5.  (Synthesis) Examine the Northern and Southern Hemisphere gyres.  In both hemispheres, there are large gyres connected to the equator, called Subtropical Gyres. There is a subtropical gyre in each ocean basin, creating the North Pacific Subtropical Gyre described above as well as the South Pacific Subtropical Gyre, and the North and South Atlantic Subtropical Gyres.  In the Northern Hemisphere, these subtropical gyres give way to the North Atlantic and North Pacific Subpolar Gyres.  There are no subpolar gyres in the Southern Hemisphere, however.  Why? What do we see instead of subpolar gyres in the Southern Hemisphere?
6.  (Applying your knowledge) The oceans play a large role in influencing the Earth’s temperature due to their large capacity for heat storage.  Locate the Gulf Stream on the map of surface currents.  The Gulf Stream is in part responsible for modulating the weather on the east coast of North America and in Europe.  Why is this? 

7a. (Applying your knowledge) Name the current that you think most influences the weather in western Africa.  Does this make it hotter or colder than you would otherwise expect?  

7b.  Name the wind is most closely responsible for directing this ocean current.
PART 3: Ocean-Atmosphere Interactions in the Surface Ocean
The frictional coupling between the wind and the surface ocean creates the large-scale surface ocean currents we saw above.  Once this water is in motion, however, it is important to consider how the Coriolis effect influences water movement.  Water is much more dense than air, so water masses are deflected even more strongly by the Coriolis effect than air masses are.  As a result, in the Northern Hemisphere, the wind-driven surface layer is deflected to the right of wind motion (or left, in the Southern Hemisphere), resulting in an overall net movement of water 90° from the wind direction (see Figure 4).  For example, consider the gyre circulation you explored in Part 2: the water actually moves 90° to the right of the trade winds and westerlies, which is what helps to complete the gyre.

A key concept to learn for ocean-atmosphere interactions is the Ekman spiral and Ekman transport.  These are phenomena that occur because of the interactions between the ocean, atmosphere, and planetary rotation (the Coriolis effect).  The surface water layer that is deflected 45° to the right of wind motion transfers some of its energy to the layer of water immediately below it.  The same is true for the next layer down, continuing on until the wind energy is fully dissipated.  Each layer is deflected by Coriolis, and as each layer receives slightly less energy from the layer above it, it is moving slightly slower and is thus deflected slightly less than the layer above (but to a greater degree relative to the direction of the wind).  The result is the “Ekman spiral”, which extends roughly 100-150 m from the surface of the water, depending on the strength of the wind, down to a point where the current is moving with very weak strength exactly opposite the surface current direction.  If you sum up all the deflections in this spiral of water, the average flow of water set in motion by the wind is 90° to the right of the wind direction (Figure 4).
Why do we care about these processes?  Well, not only do they tell us more about how the wind interacts to create surface ocean currents, but these processes also directly and substantially impact biological processes in the surface ocean.  Consider a north-south coastline, like the one along California.  When the wind blows along this coastline, Coriolis deflects water motion 90° to the right of this wind direction.  If the wind is blowing to the south, as shown in Figure 5a, then the net water motion will be offshore (90° to right of the direction of the wind).  To replace the water moving offshore, water is brought up from below in a process known as “upwelling”.  In the opposite case (Figure 5b), water is forced 90° to the right of the wind. The water is pushed into the shore and “downwelled” to the subsurface along the coastline.  Water below the surface layer is full of nutrients that fuel biological productivity.  Coastal Ekman-induced upwelling is a way for biological organisms in the surface layer to access nutrients they otherwise wouldn’t have access to.  Coastal upwelling systems are some of the most biologically productive places on the planet.
8a.  Consider the case of the Southern Hemisphere.  What direction must a wind be blowing along the east coast of South America to cause Ekman-induced upwelling?

8b.  How might this upwelling affect coastal water temperatures?

9a.  Examine Figure 3 (in description of Part 1) and Surface Ocean Currents Map (at the end of the activity).  Along the coast of Peru, the surface ocean current moves in the same direction as the wind for part of the year.  Name the current and the winds that drive the current.

9b.  Would you expect there to be upwelling or downwelling here?  Would you guess this area is biologically very productive or unproductive?  Why?
10.  Consider again the North Pacific Subtropical Gyre.  Identify the winds that form the North Pacific Subtropical Gyre. Which direction does the water move because of these winds? Explain why the water moves in a clockwise motion around the gyre (aka explain the geostrophic flow in the gyre). Consult textbook, lecture notes, and your instructors!

11.  Examine the surface wind patterns along the equator in Figure 3.  Here, the trade winds blowing in both the Northern and Southern Hemispheres converge to where they actually blow along the equator in a towards the west.  Describe how Coriolis, Ekman transport, and the trade winds interact at the equator to influence water movement in the surface ocean.   How do you think this affects biological productivity along the equator?

TABLE 1. NORTH PACIFIC BUOY DATA 







	Buoy no
	Position day
	Latitude
	Longitude

	12410
	27 Feb 95
	30.1
	-123.7

	12410
	28 Mar 95
	27.5
	-121.8

	12410
	22 Apr 95
	25
	-124.6

	12410
	22 May 95
	23.6
	-128

	12410
	24 June 95
	22.5
	-133.9

	12410
	24 July 95
	23.1
	-138.4

	12410
	26 Aug 95
	20.5
	-145.4

	12410
	25 Sept 95
	20
	-147.6

	12410
	20 Nov 95
	17.9
	-155.3

	12410
	18 Dec 95
	21.4
	-159.5

	15022
	25 Feb 95
	10.7
	162

	15022
	27 Mar 95
	10.5
	152.1

	15022
	23 Apr 95
	11.6
	145.5

	15022
	20 May 95
	12.4
	137.6

	15022
	25 June 95
	17
	131.1

	15022
	22 July 95
	21.7
	127.8

	15022
	27 Aug 95
	33
	141.6

	15022
	23 Sept 95
	37
	147.8

	15022
	23 Oct 95
	39.3
	152

	15022
	25 Nov 95
	40.1
	154.5

	15022
	31 Dec 95
	37.6
	160.4

	22217
	27 Feb 95
	51.2
	-162.7

	22217
	27 Mar 95
	50.4
	-165.3

	22217
	24 Apr 95
	48.7
	-159.5

	22217
	29 May 95
	50.7
	-155.1

	22217
	26 June 95
	50.4
	-151.7

	22217
	24 July 95
	51.5
	-149.3

	22217
	28 Aug 95
	51
	-145

	22217
	25 Sept 95
	53.1
	-143.8

	22217
	23 Oct 95
	55.2
	-139.1

	22217
	27 Nov 95
	57.1
	-141.4

	22217
	18 Dec 95
	56.9
	-141.7


PACIFIC OCEAN MAP
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Note: parts of this activity were modified from the activity “Atmospheric and Oceanic Circulation” created by Prof. Karen Grove at San Francisco Sate University as well as the University of Oregon animation team.
http://geography.uoregon.edu/envchange/clim_animations/ http://www.aoml.noaa.gov/phod/dac/dac_animations.html
Other References: Duxbury, A., et al., An introduction to the World’s Oceans Sixth Edition, McGraw-Hill, 2000; Thurman, H., Introduction to Oceanography Seventh Edition, Macmillan Publishing Co., 1994
***Note: Longitudes 80-180 degrees on the left (west) side of the diagram are “East Longitudes” and are, by convention, positive numbers.  Longitudes 180-80 on the right (East) side of the map are “West Longitudes” and are negative numbers by convention.  Northern latitudes are positive and in the upper part of the map, southern latitudes are negative and in the lower half of the map.

SURFACE CURRENTS MAP
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Figure 1 (LEFT). Atmospheric circulation on a non-rotating Earth: hot air rises at the equator, is pushed pole-ward, cools, and sinks at the poles. Circulation here is driven solely by the uneven distribution of solar radiation on the planet. http://oceanservice.noaa.gov/education/kits/currents/media/high_n_low_pressure.gif








Figure 2 (RIGHT). The Coriolis effect showing the deflection of moving air and water masses, to the right in the Northern Hemisphere. http://nsidc.org/arcticmet/images/factors/coriolis.gif








Figure 3.  General atmospheric circulation, showing six bands of surface winds with warm air rising from the equator and 60° latitude, and sinking at approximately 30° latitude and the poles. http://hercules.gcsu.edu/~sdatta/home/teaching/hydro/slides/atm_circ.gif








Figure 4. Ekman spiral and Ekman transport in the surface ocean. From http://oceanservice.noaa.gov/education/kits/currents/media/ekman_spiral.gif








Figure 5. Ekman transport caused by winds blowing along a coastline (northern hemisphere.  Upwelling, the biologically favorable case, in shown in part a.  Downwelling is shown in part b. From http://www.eeb.ucla.edu/test/faculty/nezlin/Lecture1/Fig0914.jpg
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