Water Masses and Thermohaline Circulation. 
The oceanic sections we have viewed in class (from GEOSECS atlas), the T-S diagrams and figures to be handed out in class point to a deep circulation in the Atlantic and Pacific Oceans. This deep circulation is referred to as thermohaline circulation. Why this name? The name was chosen because the water flow is driven by seawater density which is a function of temperature (thermo-) and salinity (halo- the term  halo dates back to the days when salinity was determined by chloride analysis and chlorine is a halogen).


You can trace or follow thermohaline circulation by simply following the extrema (either a maximum or a minimum) values of temperature, salinity or oxygen (and even other properties such as the nutrients). For example, an easy water mass to trace is North Atlantic Deep Water (NADW) because it has a salinity maximum (Question: how did NADW get its salinity maxima?). 

You can trace Antarctic Intermediate Water (AIW) by its its salinity minimum (Question: how does AIW get its salinity minimum?) 

You can trace Antarctic Bottom Water (ABW) from its temperature minimum. (Question: how does ABW get its temperature minimum?) 

Temperature is not normally used to trace a water mass because temperature steadily decreases to the bottom and therefore shows no extrema (maximum or minimum) values like salinity or even oxygen. The unique characteristic of ABW is that it is very cold   (<OC to about 1C). So temperature in ABW can be used to trace ABW movement.   Professor Joseph Reid of the Scripps Institution of Oceanography, California, is one of the pioneering oceanographers to have used T-S characteristics to describe the oceans and their circulations. You are invited to visit my office to have a look at an oceanographic atlas he authored. 


Cold bottom water (e.g. ABW) also brings plenty of oxygen with it as it moves via thermohaline circulation. Your professor (me!) has looked at oxygen in the Atlantic and Pacific Oceans (see handout of reprints). The bottom water in both the Atlantic and Pacific oceans (ABW, common to both oceans) is the supplier of the oxygen to the deep sea. This occurs because the bottom water is formed initially at the sea surface owing to the cold temperatures of the Antarctic region and then sinking because gravity is acting on a cold, dense parcel of seawater. 

Recall that oxygen solubility is at its greatest in cold water. Hence, as the atmosphere (which is cold in the Antarctic region) mixes with the cold surface water it sinks to the bottom carrying with it new oxygen to supply the deep sea creatures needed oxygen.

As the bottom water mass moves northerly it loses some oxygen because of respiration processes: organisms, large and small require oxygen. This loss of oxygen is more critical in the Pacific than the Atlantic because the Pacific Ocean has no southerly moving deepwater like the Atlantic with its North Atlantic Deep Water.  Recall how many times we have seen the oxygen enriched NADW flowing south with plenty of oxygen; see also the oxygen sections in the Duedall and Coote papers).

How old are water masses? 

Professor Peter Weyl, retired  faculty member from the State University of New York at Stony Brook, estimated that the Atlantic deep water is about 400 years old. Age of the water mass will, however, depend upon when the water mass left its source area--the sea surface. 

Pacific ocean waters are older than the Atlantic; Deepwater in the Pacific can be 1500 years. Recall that as a result of thermohaline circulation a fraction of the North Atlantic Deep Water (NADW) eventually finds its way into the Pacific. This is "old" NADW in the Pacific is estimated to be 1500 years old by Professor Weyl. 

Some oceanographers refer to the large scale movement of deepwater from the Atlantic to the Pacific as the "grand tour", meaning the deep water got its start in the surface area of the North Atlantic (region between Iceland and Greenland) and then made its tour to the Pacific, taking 1500 years.  Others refer to this large scale movement as the "conveyor belt" because the movement from the Atlantic to the Pacific and to the Atlantic looks like a conveyor belt (see Figure 8-29). A portion of the conveyor belt moves in and out of the Indian Ocean.  No part of the conveyor belt is found in the Arctic Ocean.

Age of water masses can be determined from radioactivity measurements.   CO2 originating from the atmosphere contains some radioactive carbon-14 (C-14) due to cosmic rays striking nitrogen molecules in the atmosphere.  A C-14 atom (actually a "bunch" of them) can be pictured as a ticking clock, in which each tick is a loss of some radioactivity from C-14 (from the carbon-14 nucleus; review your atomic physics). The C-14 clock is "set" at the surface of the North Atlantic; in effect as an oceanographer you set it by measuring the radioactivity of surface water. Then, after the water sinks, no more CO2 gets into the water mass because the surface water is no longer at the surface in contact with the atmosphere. By the time the water reaches the Pacific, hundreds of years later, it has lost lots of "ticks", or simply, radioactivity of C-14 has decreased. 

Let's see how the C-14 measurements can help us. The radioactivity (from C-14) of a sample of the water is measured and found to have only one fourth the radioactivity of surface water. How old is the water? To solve this problem you need to know the half life of C-14. The half life of C-14 is about 5500 years. So, if the radioactivity of the sample of seawater collected at depth had been only 1/2 the original (the surface water), the sampled water would be 2700 years old. But its radioactivity is 1/4 of its original. So the age of the water collected in the deep water of the Pacific is one half of 2700 years, or 1350 years.

Oceanographers make great use of radioactivity of the ocean to measure the age of processes. For example, the rate (grams per year) that sediment particles build up in sediment is always of interest and can be determined from radioactivity measurements. Dr. John Trefry, DMES, routinely determines sedimentation rate by measuring the radioactivity of sediment. I'm sure he would be pleased to show you the equipment he uses to measure the radioactivity of sediment.

An application of the nuclear testing program carried out in the 1950s-60s
Fortunately (my opinion) we are out of the nuclear testing business of the 1950s-60s, although some countries are still testing nuclear explosions in the ocean. The global test ban treaty was signed by all nations within the last few years.

One "benefit" of the early testing was the use bomb products   (gases generated that are radioactive) in oceanography. The application is similar to the C-14 discussion above. Tritium (radioactive hydrogen) is a product of hydrogen bomb testing; it is a product of the explosion. The amount of natural tritium from natural sources is very small compared to what is produced in a hydrogen nuclear bomb explosion. So, any significant tritium found in the ocean must have come from bomb testing.   Great(!), another kind of "ticking clock" to measure age of water masses in the ocean. 

The potential use of tritium in oceanography was recognized by University of Miami scientists (led by Professor Oslund) in the 70s. When the Miami group began to measure tritium in the ocean (as a result of atmospheric hydrogen bomb tests in 1961 and 1962), they discovered that most of the tritium was found in surface water; hardly any penetrated to deep waters and had not spread south to any huge degree.  Why? I think you know the answer. For the most part, surface waters throughout the ocean stay at the surface, hardly ever becoming deepwater. Surface waters have little opportunity to have their densities increase because they are always relatively warm, especially at lower latitudes. But there are a few places, well-defined places where surface waters do sink. Where? Again, you know the answer. In the polar regions, especially in the Antarctic but more importantly in the North Atlantic where North Atlantic Deep Water is formed. (If you have read these notes, contact me by e-mail--extra credit-this offer expires tomorrow   (Wednesday), noon.) Thus, upon inspection of the distribution of tritium in the ocean, we begin to find injection of tritium enriched water into the North Atlantic an Deep Water.  

The University of Miami oceanographers were quite clever. They made initial measurements in the 70s and then repeated their measurements, about ten years later. They found to everyone's amassment and interest that the tritium input had moved deeper and southerly; this occurred because the water is moving by thermohaline circulation owing to its increased density. We will compare these tritium sections in class so you can see for this for yourself. 

One problem with the tritium approach to measuring the flow of the deep water is tritium's short half life. The half life of tritium is only 12 years. So, as every 12 years passes by, the oceans lose half of their tritium. Because the nuclear testing occurred over 35 years ago, there is clearly not too much tritium left in the ocean. For this reason and because of the difficulty of measurement (you need to process huge amounts of water), tritium dating of deep water flow will be very difficult to achieve in the future. The original measurements do clearly show the injection of atmospheric gases in the area where deep water is formed in the surface and more or less how fast NADW is moving.

Significance of Formation of NADW: Global Warming

One reason oceanographers are very interested in formation of NADW is that NADW is an injection process for atmospheric gases. CO2 is one of the atmospheric gases. Its concentration (around 370 parts per million by volume)  in the atmosphere has been increasing systematically for decades due to fossil fuel burning.  This increase was discovered by Professor Charles Keeling, Scripps Institution of Oceanography, California. 
CO2 in the atmosphere is implicated in the global warming issue. CO2 absorbs IR. radiation that is normally returned to the atmosphere from earth. If CO2 in the atmosphere traps IR radiation (so-called Greenhouse effect), then the atmosphere could warm. This process will lead to trouble in the future: sea level rise due to the thermal expansion of seawater, changes in agriculture. 

One way this problem may be lessened is for the ocean to take the excess CO2 (from fossil fuel burning) from atmosphere via ocean-atmosphere exchange processes where the deep waters are formed (between Greenland and Iceland).  If we knew how fast deepwater is formed and the rate at which it extracts CO2 form the atmosphere, we might be able to see calculate the role of the ocean in the global warming debate.

Fossil Fuel CO2 to be Injected into the Ocean By Man
Japan is experimenting with turning their industrial produced CO2 from fossil fuel burning into dry ice and then injecting the dry ice into the ocean; seems far fetched and energy intensive but experiments are underway.  Another approach to relieve the atmosphere of its CO2 (from fossil fuel) is to use the oceans as scrubbers of CO2.   This is accomplished by injecting smoke stack gases from fossil fuel plants directly into the sea, essentially short-circuiting the atmosphere as a sink for CO2. The Japanese are quite advanced in their use of ocean engineering approaches to solve their problems.

T-S measurements/diagrams
By now you must realize that hundreds (more like  millions) of T and S measurements have been in the ocean. The vast majority have been made through collection of an individual sample of water using a reversing sampling bottle. The temperature of the water is measured with a reversing thermometer and salinity is measured by conductivity using a bench salinometer which is equipment on board a ship during an oceanographic cruise. Current T-S measurements are now made using a C-T-D device, conductivity-temperature-depth, an automatic recording device, or newer kind of technology (invented about 20 years ago). The C-T-D is lowered from a ship; as it is lowered it measures salinity (via conductivity), temperature (using a thermister), and depth (using a pressure sensor) automatically; when it is raised it also measures C-T-D. The advantages of this system are many: 1) continuous recording; you see new kinds of structure in the water column; 2) measurements are obviously faster;  3) measurements are made in real time, you see the actual T-S values as the C-T-D device is lowered (the cable serves as the return  lead sending electrical signals to the ship to a computer); 4) density can be automatically computed from the T and S values and so you can see the density changes; and 5) a T-S diagram can be prepared in real time as the information returns from the cable and is fed into a computer. DMES here at Florida Tech has a modern C-T-D device which you will learn to use during field work as part of the Marine Fields Projects taken during the summer of your junior year. 

To see more on T-S diagrams; click here.
Evolution of a T-S diagram; click here. 

SUMMARY OF MAIN POINTS
Thermohaline circulation drives the major water masses; injections areas can be determined from measurements of tritium, a gas from leftover from the nuclear testing program. Deepwater can be 1400 years old in the Pacific. Carbon 14, radioactive, can be used to determine the age of water masses. Relatively new technology leading to the C-T-D devices makes making T and S measurements rapid and in real time. 
  

 

