PAGE  
1

EXPLORATION OF THE OCEANS:  SPRING 2003

REVIEW FOR EXAM 2.

Properties of Seawater I

1. atoms, protons, neutrons, electrons, isotopes, ions, molecules, bonding, 

2. water – it’s a weird substance! 

3. Increased pressure causes melting (unlike mantle rocks) – so ice skates glide on thin layer of liquid water.

4. Centigrade vs. Farenheit – °C = ( °F – 32) x 5/9.

5. Water really unusual!  High melting and boiling temperatures!  Heat capacity!  Solvent power!   Water is called the universal solvent!

6. H2O, 105° angle, molecule has dipole, electrical asymmetry, hydrogen bonds, only 4% as strong as covalent bonds but VERY important.  Hydrogen bonds cause water to have high surface tension (molecules “stick” to each other), relatively high viscosity, and high melting and boiling temperatures.

7.   Heat capacity of water moderates T variations on earth, moderation of a maritime climate.

8.   Cations, anions, dissolution of ionic solids, hydration sphere, idea saturation of water by a dissolved salt (seawater has high Na+ and Cl-, but nowhere near saturation).

9.  Why does ice float?  Density of ice (iceberg, 90% submerged).  Density, ice, hydrogen bonds, rigid cage of ice vs. nesting molecules in the liquid., so liquid at 4°C has highest density, ice much less dense because molecules held away from each other by cage structure. The magic of 3.98°C as highest density in PURE water (not seawater).

10.   Solutes in Seawater.  Salt ions, metals, nutrients, gases, organic molecules, great variety.  Sea foam is caused by dissolved organic molecules!  

11.   Salinity:  Oceanographers need to know exactly how much salt, in total, is in seawater.  Why? – because it gives density and reveals mixing history of batch of seawater.  35 ppt means 35g per 1000g water, or 3.5% salt by weight.  See green text box on “Parts per Thousand” in book.

12.   Major constituents:  six most abundant >99% of dissolved substances in seawater (even including non-salts).  What is a salt? – ionic solid!  These are conservative ions because they vary very little in concentration everywhere in ocean, and are not significantly consumed or produced by chemical reactions within the ocean.  Contrast to oxygen = non-conservative.
13.  Nutrients:  ass plants need this for photosynthesis, like garden, N, P, Si (?) in forms of NO3-, PO43-, and H4SiO4.  Also need carbon, sulfur, hydrogen and oxygen, as basic building block molecules of life are made of C, O, N, P, S, H.  But only N, P, Si are ever in short supply in seawater, others are abundant.  Nutrients are non-conservative.   Note that concentrations are in range of few to a few tenths of ppm.

14.   Gases:  See tables.  N2, O2, CO2, others much smaller concentrations.  Note not all gases have same solubility, so ratios different in atmosphere and seawater.  More gas dissolves in cold water (seltzer bottle!), so polar waters have more gas than tropical surface water.  All these gases in seawater come from the atmosphere, so if consumed in the ocean (like oxygen!), we expect highest concentrations at surface, in contact with atmosphere, and that’s what we get.  

15.   Organics:  As on nutrition label, consist of different classes of molecules including lipids, proteins, carbohydrates, hydrocarbons, vitamins, etc.  Most are produced by marine organisms (metabolic processes) but some produced outside ocean (breakdown products of land plants, volatile PCBs, etc.).

16.   Principle of Constant Proportions:  Since Challenger expedition, know that total salinity changes, but not ratio of ions, so acts like varying dilution of the same seawater.  In fact, salinity used to be measured by Chlorinity (total concentration of Cl- ions), where salinity (ppt) = 1.80655 x Chlorinity (ppt).  Salinometer – measures electrical conductivity (benchtop version of sensor in CTD).

17.   Where is salt from?  (Table 5-6).  Largely weathering of rocks on land, into rivers.  Also volcanoes to atmosphere to ocean, and basalt-seawater interactions at mid –ocean ridges.  Earth is still degassing, and volcanoes release HCl.

18.   Where does salt go?  Sinks are mostly evaporite formation in isolated basins and sea spray, but also biogenic oozes (Ca),  and basalt-seawater interactions (Mg).

19.   Residence time:  bucket analogy, RT = reservoir size/input (output) rate.  Assumption of steady state must apply.

Seawater Properties II

I.  Temperature distribution in the ocean

1. East-west bands – insolation effect with most solar radiation at equator.

2. Very warm seawater = 30°C (WPWP), Very cold seawater = < 0°C  (Polar)

3. Warm tropical band wider in west – driven by currents on western vs. eastern boundaries of basins.

4. Thermocline – permanent and seasonal

5. Permanent: band of water depth typically between 200 and 1000m, sharp temperature gradients, varies from poles (none) to tropics (strong).  Separates deep ocean water masses from surface ocean masses (they mix in the polar regions where thermocline is very weak).

6. Seasonal:  40-100m,  growth and decay seasoanlly, mixed layer is the surface wind-mixed, homogeneous water mass (20m to 300m).  Seasonal thermocline driven by surface heating and cooling, and wind mixing.

7. Constant T in deepwater: always coldin deepwater, even under equator, so logical that deepwaters have their “source” (where they were last in contact with atmosphere) near the poles

II.  Salinity distribution

8. More complicated than T, does not just decrease with depth

9. Mostly salinity is defined by ocean interaction with atmosphere – addition or removal of water by precipitation vs. evaporation.
10. Surface salinity: follows E-P curve

11. Equator: high evap, but even higher precipitation, especially just N of equator.

12. Map: highest salinity in central gyres, lowest in polar regions.

13. Coasts:  low salinity due to mixing of rivers and runoff (beach off NJ, typically salinity ~30).

14. Haloclines: define horizontal “tongues” of different water masses, interleaving with each other and mixing as they slowly move.

15. Note salinity is conservative!  Can’t change in deepwater once out of communication with atmosphere, except by mixing with other water masses.

III.  Density

16. Pressure effect on density:  small!.  Unlike air, water not very compressible (scuba tank analogy to show density effect of air vs. water).

17.  Density is a strict function of Temp and Sal., but T more important overall in ocean

18. Pycnocline depth zone with sharp gradient in density:  ~20% of global ocean volume – transition zone.

19. Remember!  Pressure increases linearly with depth, but density does not.

20. Density must increase with depth, or water column is unstable.
21. Deep water: ~80% of global ocean volume, T and S properties tell us it must be formed from water that was once at surface near poles.

22. Mixing:  very fast along isopycnals, slow across them (like lifting a boling ball vs. rolling it at one level).  This is why ocean mixes laterally, mostly, even in deep ocean, and mixes faster along 1000km of horizontal distance than 1km in vertical.

Now we are set to talk about…

1. Gases
23. Previously, showed that the main gases in the atmosphere, N2 and O2, don’t have the same solubility in the ocean (O2 more soluble).

24. Solubility:  property of being dissolved or going into solution – limit is defined as how many molecules you can get dissolved in a liter of water before no more can “fit” in (bubbles form, solids precipitate).

25. Gas solubility: increases at colder T, lower S.

26. Units: mL/L, at standard atmospheric temperature and pressure

27. Most important gases: O2 and CO2 (N2 and other gases not nearly as reactive in the ocean).

28. Photosynthesis (reduction) vs. respiration (oxidation):

29. O2 consumed by respiration in deep ocean is more than balanced by advection of O2-rich water into deep water masses, so deepwater (today) never quite goes anoxic.  This happens only in poorly-mixed isolated basins (Black Sea).

2. Oxygen

30. high surface, low intermediate, moderate deep (WHY???)

31. Supply of O2 is from atmosphere (mostly) and some from ocean photosynthesis in euphotic zone, so surface is high (supersaturated ~4%).  >5 mL/L (know this as typical oxygen concentration in surface water).
32. O2 minimum layer:  150-1500m, where most of sinking organic matter from surface is respired.  (< 2 mL/L).
33. Deepwater:  higher oxygen because carried there by sinking and advection of polar surface water, which has high O2 due to low temperature.  Also, low demand for O2, as most organic matter never sinks beyond intermediate water (~thermocline).

3. Carbon dioxide

34. VERY important in seawater – regulates the pH of seawater.

35. Define pH=-log(H+).  PH 7 = equal concentrations of H+ and OH-.

36. Acid <7, Base >7.  Ocean is slightly basic.

37. Seawater is held mostly between 7.5 and 8.5.

38. Carbonate system:  combination of all the chemical forms (species ) of CO2, and reactions between them.  The sum of all these forms is called “Total CO2”.

39. Remember:  we said CO2 much more soluble in seawater than other gases, so its relative concentration is much higher than in atmosphere?

40. This is because when CO2 dissolves in seawater, most of it immediately reacts with water itself to form ionic compounds.
41. CO2 + H2O -> H2CO3 -> HCO3- + H+ -> CO32- + 2 H+

42. Very important reaction!  But just know that bicarbonate (HCO3-) is 90% of total, and is much larger than dissolved CO2.

43. Equilibrium:  bicarbonate ~90%, carbonate ~9%, dissolved CO2 gas ~1%.
44. Control of pH is through buffering action of carbonate system:  any addition of acid tends to be countered by shift in equilibrium, which consumes the acid added.  Same with base.

45. Remember!  Deep waters have high CO2, low O2, relative to surface waters.
46. CO2 and CO32- vary opposite each other:  so incr. CO2, lowers CO32-, and tends to dissolve CaCO3
47. Carbon as a nutrient:  mostly it is dissolved CO2 taken up by plants, but other forms of dissolved CO2 (like bicarbonate) are converted to CO2 as it is depleted.  Total CO2 in surface waters never more than ~10% depleted, unlike nitrate or phosphate.
Wind and Ocean Currents

 I.  Wind:  

18.  what is it? Moving air.  Why?  Air moves from high pressure to low pressure to equalize pressure.

19  What forms low pressure?  High T or incr. Water vapor!

20. Pressure gradient: change in pressure across horizontal distance.  More change per distance is called a strong gradient.  Lines of equal pressure will be closer together.  Strong gradient gives strong wind.

21. NOTE: winds named after source direction:  ex:  “Westerlies” are winds FROM the west.

II. Coriolis Deflection: basically wind and water don’t move straight DOWN pressure gradient because earth is spinning.

22. Coriolis force is a force only from the point of view of standing stationary on the rotating earth.

23. Force is not constant:  it increases with distance from equator and wind (or water) speed.  So a fast polar wind deviates from a straight line (in earth’s reference frame) more than a slow tropical wind.

24. Actually: Coriolis is an “apparent” force due to the fact that the absolute speed of earth surface varies from 1000mph near equator to very slow near poles.
25. Coriolois force bends the the path of wind to the RIGHT in the N. Hemisphere (LEFT in S. Hemis).

26. If you want more: http://www.physics.ohio-state.edu/~dvandom/Edu/newcor.html
27. Or with more physics: http://classes.atmos.uiuc.edu/100C/Atmos100/day23.html
28. Wacky Coriolis examples (wrong!!):
In the 1945 movie, Adventure, the Clark Gable character apparently points out that ringlets in a women’s hair curl in one direction in the Northern Hemisphere, the opposite direction in the Southern hemisphere! 

The spiraling hooks with which vines cling to their supports are asserted (incorrectly) to change from one hemisphere to the other. 

The direction dogs turn before lying down has been claimed to be be dependent upon the hemisphere in which they live.

The direction water spins down a drain depends on which hemisphere the sink is in (Coriolis force is too small on this scale to compete with slight irregularities in surface of sink, or initial rotation when drain is opened, which really control direction of whirlpool).

III. How does Coriolis force modify the earth’s wind field?

29. Winds circulate in cells, driven by solar heating.

30. Heat is at equator, cooling at poles, but also at high latitudes.

31. Low pressure at equator due to heating and evaporation, so wind flows at surface from high latitudes, converges at equator, and rises.

32. High altitude air then flows north, cooling and raining out water, so it gets denser.  It sinks around 30° N and S., then returns to equator.

33. At same time, sinking causes high pressure, which gets relieved by flow to the north at 30°N also, with a supply of high altitude air flowing south to converge with that flowing from the equator.  So another CELL is created between 30-60°.  Finally there is another cell close to the poles, with flow same direction as near equator.  It’s like a set of gears, but they extend all around globe, making donuts.

34. Cells are called:  Hadley, Ferrel, Polar
35. As these latitudinal bands of winds blow North and South, they are bent by Coriolis deflection to Right (NH) or Left (SH).

36. NJ:  prevailing westerlies – know why.

37. Carribbean:  Nice steady Northeast trade winds.

38. Summary:  Zonal winds dominate – largely in E-W bands

IV. Surface Ocean Currents

39. most are driven by the wind, which “rubs” on the water, making it move, but only 3-4% of speed of driving wind.

40. Basic pattern is (Figure):  trades move water west, where it gets deflected poleward by the continents, and at mid-latitudes, westerlies move water east, then deflected south to complete a large “sort of” circle, called a gyre.
41. To consider this in more detail, need to know about pressure gradients in water.

42. In air, pressure can vary as air is compressible.  In water, nearly incompressible, need a higher column of water for more pressure.  So pressure gradients in ocean arise from place-to-place variations in sea-surface height.
43. Amazing:  the sea really has hills and valleys, but only about 1m variation – that’s all it takes to create a large enough pressure gradient to drive surface currents.  (Remember satellite measures of sea surface height and TOPEX/POSEIDEN).  But we just said they were driven by winds!  Yes, but the large gyres are driven indirectly by the winds.
44. Let’s see how that works:
45. Coriolis effect causes Eckman spiral:  When wind blows on water, water does not go direction of wind, because Coriolis force deflects it to the right.  In practice, the water surface is transported 45° to the right of the wind direction, and it drags on the layer below.  This layer is also transported to the right of the primary forcing, which is now not the wind directly, but the layer above.  At the same time, the current speed decreases with depth.  Continue this down successive layers to a depth of 100-200m, and you have the Eckman spiral wherein at the base, water is moved opposite the wind, but very slowly (amazing!!).

46. Net Eckman transport, adding up all the speeds at all the depths, is 90° to right of wind.  So wind blows whole surface layer of water not forward, but at right angles to the right.  It has to, as long as Earth is spinning.
47. Upwelling and downwelling:  can be produced by Eckman transport.  Next to coast to left of wind, water transported offshore, must be replaced by water moving up from below.  Also divergence, as at equator, where trades blow water away to north and south of equator.

48. Upwelling: divergence:  valley
49. Downwelling: convergence:  hill
50. So, wind sets up the conditions to drive geostrophic currents, - what do we mean by that:
51. Winds pile up water:   look at central gyre:  trades move water from equator north, westerlies move water from mid-latitudes south, and the water literally “piles up” in the center of the gyre, making a dynamically stable “mound” of water.  Water wants to flow downhill, away from center high pressure, but Coriolis force bends it to right, then pressure wants to make it go straight downhill again, etc. until we reach a dynamic balance between the pressure gradient and the Coriolis force:  this is the definition of a geostrophic current.
52. The major, steady, surface currents of the world are all geostrophic currents.
53. So, in sum, wind drives large gyres indirectly, by forming mounds of water which drive currents down the mounds, which are bent by Coriolis such that they head nearly across the face of the mound, not straight down.
54. Western boundary currents:  Why do we have the very strong, fast, deep Gulf Stream on our side of the N. Atlantic, but we have never heard of s similar current on the European side?  There isn’t any!  The currents of the central gyres are not symmetrical.
55. A second result of the earth spinning:  Water in each basin is piled up against the western (trailing) edges of basins (any basin).  Analogy:  take a pie pan of water, and try to run steadily forward.  If you can do it without spilling (great game!), water will pile up at edge near your stomach, and whole surface will be tilted relative to horizontal, and will stay that way as long as you keep running.  

56. So, mound is displaced to west, and currents flowing poleward at western side are constricted and therefore must flow faster, and be deeper as well – this is called western intensification.
57. As a result, tilt at edge of mound is quite steep at Gulf Stream, and gentle in the east, creating the shallow Canary current.
58. All the western boundary currents are deep (1-2km) and fast (>1.5m/sec = 3 knots), Kuroshio, Brazil, E. Australian.  Compare 50 Sv within narrow current to sum of rest of lazy gyre for conservation of water mass (FIGURE).
V. DEEP OCEAN CURRENTS

59. Deep ocean currents not affected directly by wind or geostrophic flow

60. Generally very slow, hard to study, driven by density.
61. Thermohaline circulation – collective term for deep currents driven by sinking and advection of deepwater according to its temperature and salinity.

62. So what is the T, S of deepwater: 75% is 0-5°C, 34-35 ppt.
63. Deepwater COLD everywhere, so must have “originated” at poles, which make sense, as cold water is dense and will sink to find the deepest depths.
64. “Identity” of deepwater mass:  once leaves surface, doesn’t exchange with atmosphere any more, and T, S are fixed like a tag, only to be altered by slow mixing with other water masses.
65. Note:  water masses slide above and below each other much more easily than mixing (mixing only at edges), so maintain their “identity – T, S” until finally mixing out entirely.
66. Question:  why doesn’t heat just “spread” to other layers, ruining the temperature profile an warming the deepwater?  Answer: heat diffusion is very slow compared to even deep ocean currents.  Would take many 1000’s of years to diffuse heat vertically without mixing water masses.  Same with salt.  Molecular diffusion is VERY SLOW.
67. Deepwater masses are “born” when they leave the surface and sink until finding their appropriate density layer.  Then flow laterally.  Must come to surface somewhere to repeat the cycle, but this process is very diffuse and hard to measure.
68. Atlantic hydrography: NADW, AABW, AAIW, AIW, SACW, NACW – each defined by a narrow T, S range (List them: Table 6-2).  Just make sure you know what NADW is.
69. Note NADW is largest water mass, formed on both sides of Greenland, balances surface flow of GS to north.
70. We speak of “interleaving tongues” of deep water in the basin.
71. Global Conveyor Belt: a simple conceptualization that connects surface flow and deep flow into one continuous ribbon.  1000 years total circulation time, mostly spent in deep cold water since this is largest mass and currents are slow.  NADW is biggest driver of cycle.  Remember whole-ocean mixing time requirement for steady state?  If RT>>1000 years, then element is homogenized in ocean.  NADW necessary for drawing GS water north, bring heat to N. Atlantic and Europe.

72. SKIP in text:  Section 6.4 and boxes, though 206-207 on countercurrents is interesting if you like.  Pp,. 194-5 expand on some of our Methods discussion for measuring currents.  No responsible for text on GS rings.

WAVES
(simple treatment with little math)

1. Properties
73. height, wavelength, period (time from wave crest to crest, looking down from a pier.

74. Period:  classifies wave, from capillary waves to Tsunamis and tides (figure)
75. Large waves:  big height means longer length, longer period, and faster speed (celerity)

76. C=L/T celerity = wavelength (distance) divided by period (time).

77. Note:  wind blowing on flat seas starts wave motions as capillary waves, used by sailors to see wind coming in a calm (wind comes before “cat’s paws”).

78. Note 2:  Sailors in open sea sometimes drip oil on surface of water, to keep capillary waves from forming by changing surface tension of water.  This can help keep following waves from breaking – much better for survival.

2. Wind generation of waves:

79. depends on:  wind velocity, duration, fetch, starting sea state.

80. Big waves can never develop in a pond, even in a hurricane.

81. Fetch means wave height is scaled to distance across water body.

82. Fully developed sea:  Maximum wave height for wind, reached only during long storms in open sea.

3. Wave motions
83. Progressive waves – name for normal waves because the travel across the surface.

84. Note water doesn’t move, just the shape of the surface, the wave, and it’s associated motion energy.

85. Orbits:  nearly closed circles of water motion, decreasing diameter with depth, no motion at wave base = 1/2 wavelength.  Snorkling at reef, feel yourself sloshed forward, then back, with every wave, with only slow net motion forward.

86. Deep- water wave:  does not “feel” bottom because wave base is above sea floor.

87. Shallow water wave:  slowed by friction with bottom, because wave energy is scrubbed off against bottom.  Very common in coastal areas.

4. Wave in shallow water (the beach!)

88. just know this:  waves slow due to friction, they “bunch up” (must get closer, as distant waves going faster), they get higher, but their period does not change (time from crest to crest).  So wave classification by period stays solid, even near beach.
89. Refraction:  bending of a wave face, happens because of variable speed along crest as wave encounters shallow water on an angle.

90. Therefore, wave face approaching beach at angle tends to bend so it comes straight in, even along a curved beach (figure in book).
91. Beach “heads” get waves from several directions curving into them, so more energy due to focusing.

5. Internal waves

92. waves occur along density discontinuities, like water and air.

93. But can also occur along pycnoclines, where density in water changes quickly.

94. Internal waves are known, but still not well understood.  They are long, slow, and can be very high.

6. Tsunamis (Tidal waves)

95. nothing to do with tides, better called a seismic wave.

96. Sudden shock, like deep-sea earthquake, initiates wave, not wind.

97. Very long and fast, but low height:  >100 kilometers, 500 mph, usually only 1m high.

98. Never noticed in open ocean (might take 10 min for rise, fall, rise), so ship cannot warn shore, warning must come from earthquake detection.

99. Always “shallow water waves” because D<<L, but slow lots near shore, get much higher, and tremendously destructive.  But usually only a few waves at most in one event.

TIDES

4. Description:  tidal range = low tide to high tide difference.  Not the same every day and not the same from place to place on the shore.  Even harbors near each other can have different tidal ranges.

5. For a harbor or tidal estuary, we say ebb and flood for the outgoing and incoming tide.

6. Basic cause:  gravity of moon and sun, and centrifugal force.  Action is actually quite complex, affected by local geography, but very predictable.  Tides never surprise us these days.  They are predicted for each spot everywhere along the coast of the US for many years to come.  Tide chart.
7. Tides are large, very long waves but have nothing to do with wind.

8. How often do we have tides?  Diurnal=one cycle (high+low) per ~24hr.  Semidiurnal=two cycles per day.  Mixed tides= vary irregularly twice daily.  What do we have in NJ?
9. Over a month, tidal range varies.  Spring tides = large range, high high and low low.  Neap tides = smaller range.
10. Mechanism:  remember gravitational attraction and centrifugal force (that which makes things want to go in straight out when you are spinning them, like flying off the merry go round when someone spins it too fast).
100. Moon and sun pull on the earth, like any mass pulls things toward it.  This pulls ocean into a bulge on one side.  Moon pull 2x harder than sun, because it’s so close.  Once bulge due to gravity.
101. Moon goes around earth, but really both spin together, like an uneven dumbbell.  So earth makes a tiny circle too, and trys to throw the ocean off on the side opposite the moon.

102. Result:  Two bulges of ocean, one facing moon and one away from moon.

103. What about sun?  It has it’s own smaller bulges, so actually 4 bulges, and earth spins beneath the bulges.   In simplest sense, the ocean gets pulled independent of earth’s spinning, so tidal bulges move around globe like giant (but not very high) waves.

104. Spring tide:  new moon, full moon, when sun is lined up with moon.

105. Neap tide:  first quarter, last quarter, when sun pulls at right angles to moon.  (Fig. 8-7 draw).
106. This is equlibrium model.  Not quite realistic because earth drags oceans, Coriolis force organizes tides, depth of ocean everywhere affects tidal wave speed, and shape of specific stretch of shoreline can increase or decrease tidal range and timing (Dynamic model).
11. Life organized by tides

Know that some animals in intertidal zone are synchronized to tides (box section in book).

Biological Productivitiy in the Ocean

 
- see review handout to be distributed March 24, 2003.

