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Temperature, density, salinity, and beam attenuation are all interconnected in the Earth’s oceans.  Often a change in one of the first three parameters will result in a change in at least one other parameter.  All of these parameters can be used to determine the boundaries of the surface, mixed and deep layers.  By looking at water column profiles through the Atlantic Ocean, we can see how these parameters changed in the water column from our cruise as we moved southeast (41.3097N 070.8812W to 7.4566N 043.9532W).

Background


Temperature in the deep ocean stays relatively constant.  However, in the surface and mixed layers the temperatures fluctuate.  Latitude, season, and wind and water currents affect the thickness of these layers where their location in the water column.  A thermocline occurs when seasonal temperatures warm the surface layer of the water.  This creates a warmer, less dense layer of water that overlies the dense cool water of the deep ocean.  A mixed layer occurs between these two layers.  Steady temperatures, a constant density, and an unchanging salinity characterize the mixed layer.  The deep ocean layer stays at relatively the same temperature and maintains a high density.     


The density of water varies within the layers of the ocean and in different regions of the world.  Temperature also has a significant affect on density.  Cold water is denser than warm water.  As water molecules heat up, they begin to move.  The hotter the molecules get, the more vigorously they move and they vibrate harder.  These vibrations cause the water molecules to be further apart and result in warm water.  The warm water is less dense than cold water because of the vibrations of the molecules.   This can be observed in several of the CTD profiles we did on our cruise.  


Salinity is defined by our textbook as, “the total weight in grams, of dissolved salts in 1kg of seawater,” (Pinet, Pp143).  Salinity is affected by a variety of factors.  Precipitation and run off from rivers and land all decrease the salinity as they add fresh water into the system.  Evaporation and ice formation remove fresh water from the system and increase salinity.  Salinity also affects the density of water.  More saline waters are denser than fresher water.  In areas where there is less salinity in the deep layer, colder temperatures compensate for the lack of salinity.    


A correlation can be drawn between the locations of high amounts of particles in the water and the bottom of the mixed layer boundary.  A transimissometer measures the amount of particles in the water through the water column.  It does this by shooting a horizontal beam of light to a detector at a fixed distance from the light source.  The transmissometer continually does this as it travels through the water column.  If records the transmission of light and reports it in volts.  A low voltage indicates a lot of particles; a high voltage indicates that there are not a lot of particles in the water column.  A drop in beam attenuation is usually found at the bottom of the mixed layer, where particles accumulate.  Particles accumulate at the bottom of the mixed layer because they cannot fall into the cool, denser layer below.    

Methods


To collect the data for this research, we used an instrument called a Conductivity Temperature Depth (CTD).  This instrument collected numerous measurements, calculating temperature, density, beam attenuation, and salinity, as it went through the water column.  The CTD has two temperature sensors and two conductivity sensors.  Salinity was calculated from these two sensors.  The conductivity sensors measure the electrical conductivity of the seawater.  They do this by measuring the chloride content of the water and then a computer uses the following equation, to determine salinity.  This equation is based on a known proportion and the idea that the amount of dissolved solids in the oceans do not change, only the amount of water molecules in the ocean change through evaporation and precipitation.  

Eq.1  Salinity(%)=1.80666*Chlorinity(%)

Density was calculated using the salinity data and the temperature sensors.  At the surface of the water profiles, we should find warm water with a lower density than the cool water below.  When mixing occurs, I expect to see warm water moving deeper in the water column.  I expect the mixed layer to have constant values for temperature, density, beam attenuation, and salinity.  At the bottom of the mixed layer I expect to see a strong increase in density gradient and a sharp drop in temperature indicating the boundary between mixed and deep layers.    Because of this increase in density, I expect the transmission of light to drop, indicating a high amount of particulate matter.  Particles should accumulate at the bottom of the mixed layer, as they will not be able to penetrate the cold, dense water below.  Salinity should increase at the boundary of the mixed and deep layer, as more saline waters are denser.  

Results & Discussion


On the first day of our cruise, we stopped right outside Vineyard sound.  The CTD was sent down to 25m because the water depth was only 30m.  The profile for this drop shows that the water is well mixed (see Fig 1).  Temperature, density, beam attenuation, and salinity numbers jump all over the graph.  This profile looks very different from every other profile taken on the cruise.  The shallow depth allows the water to be mixed throughout the column.  Also, a winter storm had just blown through the area with strong winds, which caused even more mixing throughout the water column.  


The second CTD was taken at the fourth station.  (See Fig2) Here the surface layer extends down to 25m.  A slight drop in temperature and a small increase in density indicate this at 25m.  From 25m down to 80m is the mixed layer.  The consistency of the temperature, density and salinity supports that this layer is evenly distributed through the water column at these depths.  A steep increase in density coupled with a drop in temperature indicates the end of the mixed layer.  This is supported by a drop in beam attenuation, which means there are a lot of particles at the bottom of this mixed layer.  Salinity increases at the bottom of the mixed layer and then initially increases into the deep layer, which increases the density of the deep layer.  As temperatures drop in the deep layer, salinity decreases a little.  Decreasing temperatures compensate for the decreasing salinity in keeping the density of the deep layer.   


At the fifth station, the surface layer extends to 40m.  (See fig3) The temperature profile is different because it has cooler temperatures in the surface layer and warmer temperatures in the mixed layer beneath it.  The increase of salinity in the mixed layer makes the warmer water denser, allowing it to stay beneath the cooler surface layer.  The surface layer probably lost its heat due to winds stirring the water and removing the heat or from contact with cooler air temperatures.  At 75m there is a sharp increase in density mirrored by a decrease in temperature.  This indicates the bottom of the mixed layer, which is also supported by a slight dip in beam attenuation from the accumulation of particles here.  Salinity again increases at the bottom of the mixing layer before starting a decreasing trend further into the deep layer.    


The sixth station is similar to the fifth station in respect to temperature. (See Fig4)  The surface layer extends to 25m.  The mixing layer extends further to 100m.  Once again the surface temperature is slightly cooler than the temperature in the mixed layer.  The warmer water is more saline than the cooler surface water, allowing it to stay beneath the surface despite the temperature difference.  The bottom of the mixing layer is indicated by an increase in density and a decrease in temperature along with a slight drop in beam attenuation.  Here the mixing layer is found at 80m, the same depth it was found at the previous station.  Salinity increases at the bottom of the mixed layer and then decreases into the deep layer.  


Looking at these three stations side by side, correlations can be drawn by their similarities.  (See Fig5) As we move farther southeast, the deep layer gets deeper in the profiles.  At the fourth station we find it at 75m, then at 80m at station 5, and finally at 100m at station 6.  These three stations are in the North Atlantic Gyre.  The deep layer is where the permanent thermocline exists.  The seasonal thermoclines seen here may not be seasonal; rather they seem to occur on a time scale of several days.  The temperature differences between the surface and mixing layers found in stations 5 and 6 strongly suggest that what might be called a seasonal thermocline does not last all season.    


Station seven is different from the fist three CTD stations (See fig6).  Here the mixed layer is not as well defined as it was previously.  Still, an increase in density and a decrease in temperature indicate where the surface layer ends, at 40m, and where the mixed layer ends, at 75m.  In the mixed layer, temperature, density and salinity do not stay very constant.  This suggests that we are moving out of the North Atlantic Gyre.  



Station eight has a better-defined profile with no apparent surface layer (See fig7).  Right away, we are in the mixed layer, which extends to about 80m.  The mixed layer is indicated by the constant salinity, density and temperature.  At 70m temperature drops and density increases along with a drop in beam attenuation, indicating an accumulation of particles.  The mixed layer ends here and the deep layer begins.  Again the salinity increases at the bottom of the mixed layer and then decreases through the deep layer. 

Stations seven and eight are at the edge of the North Atlantic Gyre (See fig 8).  Their differences from the other profiles in the gyre and the station co-ordinates suggest that they are in the transition zone at the edge of the gyre moving towards the North Equatorial Current.   


Station 9 looks different from all the other profiles taken (see fig9).  There is no surface layer here; we go right into the mixed layer.  A sharp drop in temperature and an increase in density indicate the bottom of the mixed layer.  A dip in beam attenuation indicates that there are a lot of particles at the boundary between the mixed and deep layer.  The deep layer begins at 60m, much shallower than before.  Here, the salinity decreases and a drop in salinity (rather than a spike) indicates the boundary between the mixed and the deep layers.  The salinity profile for this station is different than the other eight stations because it decreases throughout the water column.    


Station 10 is similar to station 9 (see fig10).  Again, there is no surface layer; the first layer here is the mixed layer, which extends to 50m.  The edge of the mixed layer is defined by a sharp increase in density, a decrease in temperature and a drop in beam attenuations indicating particulate matter accumulation at the bottom of the mixed layer.  The salinity profile for this station also decreases throughout the water column.  


Stations 9 and 10 are mostly likely in the North Equatorial Current (see fig11).  The decreasing salinity must come from a fresh water source.    The North Equatorial current is fed from the Canary Current coming off the coast of Europe and Africa.  It is a slow, shallow current.  The decreasing depth of the surface and mixed layers represent a shallow current underlain by a colder, deeper current.   The decrease in salinity affects the density by decreasing it.  However, here we find that the temperatures in the first 100m of the deep layer are much colder.  This drop in temperature compensates the density for the less saline waters.    

Overall trends can be seen in all the water profiles, with the exception of the first station.  I will exclude the first station because it was in shallow, well-mixed waters which were not seen anywhere else in the cruise sampling.  Comparisons of temperature, density, and salinity from all the profiles reveal more correlation.    

When I compare the temperatures of all the profiles from Woods Hole to Forteleza, I find that there is an overall trend towards more and more shallow mixed and surface layers (see fig12).  This is due to the water currents.  As we approach the equator, we go from the Western edge of the North Atlantic Gyre with its deep currents to the North Equatorial Current, which is fed by the broad, shallow Canary Current (Kershaw, Pp50-51).  The last two samples, from stations 9 and 10 have the shallowest surface layer and they have the steepest temperature indicative that we were at the edge of the gyre at this point in our cruise.  


A comparison of densities from Woods Hole to Forteleza reveals a similar pattern to that seen in temperature (see fig 13).  As we move south the denser layers of the deep ocean begin to come closer to the surface.  This represents the change from the deep surface currents such as the Gulf Stream to shallower currents like the North Equatorial current.  This change in density also indicates that the permanent thermocline is not located at the same depth for all latitudes.  The cold, dense Antarctic currents come into contact with the thermocline and interact differently with waters near the equator than with waters farther north.    


A comparative study of the salinity from each station reveals another correlation (see fig14).  All the salinities from stations 4 through 8 have the same tendencies.  The salinity increases as it moves into the deep layer and then decreases though the deep layer.  The initial increase of salinity into the deep layer creates denser water at this boundary.  As the water deepens, the salinity decreases along with temperature.  The decrease in temperature compensates with respect to water density for the decrease of salinity.  At stations 9 and 10, salinity decreases into the deep layer and it continues this decrease through the deep layer.  This indicates that the water from stations 9 and 10 came from a source where there is a high amount of precipitation and runoff, making the water fresher.  This supports the idea that these stations were in the Equatorial Counter Current where fresh water comes from increased rainfall in the tropics.   


Temperature, density, beam attenuation and salinity can all be used to determine the boundaries of the surface, mixed, and deep layers of the Atlantic Ocean.  Steady temperatures, pdensity, and salinity characterize the mixed layer.  In all the profiles, we see salinity and temperature decreasing together in the deep layer.  Here density increase as it is tied into temperature and cooler water is denser than warm water.  In the mixed layer salinity tends to increase before decreasing.  Beam attenuations drop at the bottom of the mixed layer because particles accumulate at this boundary, as they are unable to pass into the denser, deep layer below.  These parameters are interconnected to the distinction between surface, mixing and deep layers of the ocean.  
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Fig 1 Station 1 right outside of Vineyard Sound, Massachusetts.  Notice the scales, they are very small showing this water column is well mixed.





Figure 2  Surface layer extends to 25m, mixed layer ends at 75m.  Layer changes are indicated by temperature drops and density increasing.  





Figure 3 Surface layer extends to 40m, mixed layer extends 80m





Figure 4  Surface layer extends to 20m, mixed layer extends to 100m.





Figure 5 Compare the surface and mixed layers of these three station.  These are all in the North Atlantic Gyre.  





Figure 6 Notice that the mixed layer here is not well defined.  This station is in a transition zone between the gyre and the North Equatorial Current.





Figure 7 Notice there is no surafec layer here- we go right into the mixed layer.  Again, the deep layer is still 75m from the surface.  





Figure 8 These two profiles show the transition zone.  At station 8, we are closer to the North Equatorial Current than we are at station 7.  





Figure 9 Notice that here salinity is decreasing and temperatures get much colder at 200m than at previous stations.





Figure 10 Again, salinity is decreasing here.  





Figure 11 Notice the similarities of these two stations.  There is no surface layer, the mixed layer is shallow, salinity is decreasing and temperatures are much lower.  These stations indicate we are in the North Equatorial Current.





Figure 12 Temperatures along the cruise path.  The number next to the temperature indicates station.





Figure 13 Density profiles along the cruise path.  





Figure 14 Salinity along the cruise path.  Notice that the salinities of the last two stations are different from the other stations indicating a different water source.  
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