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Prof. Amala Mahadevan (Woods Hole Oceanographic Institution) speaking: 

I want to start by recapping a little bit of what Mary Jane Perry said last week [see Webinar 1 of the NAB series]. 

[Starts with “Late Winter Concept Map” …Clicks on Concept “North Atlantic Bloom” and shows Image #1: (North Atlantic Winter- ocean color]

I’ll start by showing you a picture of what we mean by the “North Atlantic Bloom”. This is a picture of what we ‘see’ from space of ‘ocean color’ taken from satellite. When we look at the Atlantic Ocean in winter we see that there is more chlorophyll  - the green color- in regions that are closer to the coast and at the higher latitudes. 

[…and shows Image #2: North Atlantic Spring – ocean color] 

When we look at the [next] image [of the same region] taken in the spring, we see that there is considerably more phytoplankton (i.e., chlorophyll) occurring in North Atlantic Ocean, as opposed to the South Atlantic Ocean. That is what we call the North Atlantic Bloom. So even though the North Atlantic Ocean -  we are talking about [latitudes] higher than 50 degrees North – occupies a small fraction of the global ocean area – about 1-2% of the area, it contributes about 20% of the CO2 [carbon dioxide] uptake through the interactions of both physics and biology. 

So today we are going to talk about the physical conditions that bring about the onset of such a bloom. We start out by looking at conditions in the late winter. What we are trying to create on this concept map [is a diagram] of the late winter condition in which we are showing the surface of the ocean.  The top surface [of the diagram] is the surface of the ocean, and the […] [down below the ocean surface] is a place for the cross-section of the ocean. When you are looking at the North Atlantic in the winter, the ocean surface is losing heat to the atmosphere – so you have the [up] arrow showing cooling. Cooling is connected to [or a component of] density. What that does is also changes the density of the ocean. 

[Clicks on Concept “Density” and shows Image #3: Equation of State for Seawater]
So let’s try to think a little bit about what density does for us in the ocean. The density of seawater is determined largely by two properties, if you don’t think about pressure [pressure held constant], and that’s salinity and temperature. So we have here is a figure showing salinity on the one axis [x-axis] and temperature on the other axis [y-axis]. The ocean is in the range of salinity between 30 and 40, I would say -  or roughly 25 to 40. In this range you can see that the density of the ocean is roughly 1025 – you have to add 1000 to this [density curve] – to 1030 kilograms per cubic meter [kg/m3]. And as salinity increases – as the ocean becomes more salty – it becomes more dense. Similarly as the temperature decreases, the ocean becomes more dense - the colder temperature makes the seawater more dense. 

03:00

[…and shows Image #2: Density in the Atlantic Ocean: Water Column Profiles]
As a result of changes in density in the ocean, we find that the ocean tends to be very layered. We’re showing you now a cross-section of the density [in the ocean] –this cross-section is created from observations made by ship- and you are seeing the density in contours of the North Atlantic Ocean. The black part is the topography of the ocean [bottom depths]. And you see that lighter water is naturally at the top of the ocean… but float […] (3:26-29) but this simply shows the variation of density that is captured by the […] (3:33) and the ocean tends to be very layered.

[Clicks on Concept “Stratification” and shows Image #2: Changes in Ocean Density with Depth]
The word we are going to use to mean ‘layered’ is ‘stratified’ – just a term to indicate that the ocean is in fact layered very much like a cake. And the top part of the […] (3:54) but then the layering becomes very strong…

04:00

So let’s look at a profile – a vertical profile of density [over depth]. What does a vertical profile of density look like in the ocean? We see that there is a portion at the top [of the ocean] which is ‘well-mixed’  - well-mixed because at the surface the winds and cooling that act to keep this region of the ocean well-mixed. And then there is a very strongly layered region which is called the ‘pcynocline’. It is called ‘pycnocline’ because the density is changing very rapidly. 

04:25 
[…and shows Image #3: Stratification 2]
So now if you look at the next figure we show you -on the right [right-hand graph]- typical density profiles [solid black line] in the surface ocean – in the ocean - going down with depth – in this case going down to 0.4 km (400 m). On the dotted line, we show you the vertical gradient in density _ in this case it is normalized by the averaged density and normalized by the function  called ‘N-squared’  or N2. 

05:00

N2 you can think of as a measure of the stratification: the stronger [higher value] the N2, the more rapidly the density changes [at that depth]. We use this measure [N2]– called buoyancy frequency – as a measure of how stratified or layered the ocean is. The more stratified the ocean is, the harder it is to mix. When mixing is very strong, then your density becomes homogenized as we see in the top part of this slide [of the left-hand graph]. 

This indeed is what happens in the winter: the top part of the ocean which is called the ‘mixed layer’ – the mixed layer because it is mixed very vigorously by processes in the upper ocean. 

05:45   [Clicks on Concept “Mixed Layer” and shows Image #3: Mixed Layer Schematic]
The wind is causing an input of energy, which is causing a shear – the flow is faster at the top than at the bottom, and that causes turbulence and mixing. Cooling of the upper ocean increases the density, which also causes mixing at the top.

06:00

Here you have seen a figure which shows cross section of the top surface of the ocean. You can see the upper layer is mixed by several processes: the waves, the shear is a component of the surface velocity . . . and then in the interior - below about 200 m - you have a very stratified layer . So let’s come back to our concept map and look at what is happening to the ocean in the late winter. In the late winter, the surface is being cooled and so the mixed layer gets deepened more and more as the winter progresses. [?] . . .(6:40) and [because of these observations on this topic] at the end of the winter we found that the mixed layer was several hundred meters – approximately 200-300 m - and that’s because there had been [a lot of?] cooling [in the North Atlantic Ocean].

07:00

But as you can see here the surface of the ocean is well-mixed, and the layering is occurring beneath…during the winter, there are gradients in the density as you go from South to North. And these gradients in the density set up what we call a ‘front’.  

07:10   [Clicks on Concept “Front” and shows Image #2: Global Sea Surface Temperature]
A front is a horizontal change in density as you […] (7:21) So why do you have fronts?  If you have a look at global sea surface temperature, you’ll notice that the lower latitudes are much warmer than the higher latitudes, which means that the surface waters in the lower latitudes are lighter [less dense] than that of the higher latitudes -  so there is a variation in density [due to temperature] as you go North in the North Atlantic and closer to the poles. 

07:45   [… shows Image #1: Oceanic Front: A Diagram]
And this variation in density is what sets up the front in the ocean. The upper part of the ocean gets well-mixed, but there is a change in density as you go horizontally. 

08:00

This figure is showing you in fact what this structure might look like- from a cartoon point of view. On one side of the front you would have lighter water (less dense) and on the other side of the front you would have denser water (heavier). 

08:15

Now you might ask, why does this situation exist? Because in fact you might think that lighter water could really lie above denser water – or float above denser water.  If you were to try an experiment in your classroom where you had a tank and you separated it with a partition between lighter and denser water, then opened the partition, then the lighter water would override the denser water [ see video from Concept “Front”: Ocean Density Layers Demo- non-rotating tank] . But in the ocean things are different – at these scales we looked at – that is because there is the rotation of the Earth.

9:00

The rotation of the Earth essentially generates the flow around the front. [?...Now in this figure, which shows conditions in the atmosphere] … you are looking at a density map in which flow goes along the threshold of isobars showing lines of equal pressure? (9:00-09) Similarly in the ocean, flow is along density contours – along the thresholds. As a consequence these front in the ocean can stay upright for long periods of time. Now in the winter what is happening is the surface cooling is in fact creating these fronts and is causing a layer which is well-mixed. And this is acting as – these fronts act as a storehouse of potential energy. You have light water on the one side and denser water on the other. The ideal situation is that the rotation of the Earth maintains these fronts, and during the winter you can hold a lot of potential energy. 

9:50

So let’s go back to our concept map now and try to think about what is happening to the phytoplankton.

10:00   [Clicks on Concept “Phytoplankton” and shows Image #2: Nutrients in Atlantic: Nitrate Profiles]
Phytoplankton need nutrients for their growth. The nutrients are primarily nitrate and phosphate. Nutrients get depleted in the surface ocean, but there are plenty of them at depth – If you look at a cross-section of the ocean, in general, you find much more nutrient at depth than at the surface. However in the winter, you see the mixed layers - a lot of nutrients have been mixed up into these [mixed layers] and are available now in the surface ocean for phytoplankton. The phytoplankton will be very happy about it, but they are missing something – they are missing sunlight. And the evidence shows that phytoplankton do need a certain level of sunlight for growth.
10:32   [Clicks on Concept “Lower Light” and Image #2: Seasonal Changes in Length of Day on Earth]
…and we should remember that there are two things about light in the ocean. One is that the length of day varies a whole lot [depending on season] - especially at high latitudes such as the regions that we are talking about. If you were to look actually at the average day length at high latitudes, you would see that - in the winter- there are very few hours of daylight 

10:55   [Clicks on Concept “Lower Light” - Image #1: Hrs of Daylight as a Function of Latitude/Time of Yr]
We are at 60 degrees North in the North Atlantic [during this experiment]. This is a map showing you the day of year on one axis [x-axis], and showing you latitude on the other axis [y-axis], and the color contours show you actual length of day [in hours].  At the equator, of course, you have equal day and night all year, but at high latitudes in the winter, you have very few hours of daylight. So the average incoming solar radiation is changing by season
11:30   [Clicks on Concept “Lower Light” - Image #1: Hrs of Daylight as a Function of Latitude/Time of Yr]
The light [level] is also dependent now on how deep we are in the ocean. The reason is that the light is coming through from the surface of the ocean [and down through the water column] and decays exponentially with depth – decreasing exponentially with depth. Also, [some colors get more absorbed over depth] (11:43) Here is a picture of a diagram that shows you what happens to the light in the upper ocean - the penetration of light - by the time it gets down to 200 meters there is much less light than there was at the surface…and by the time you get to 200 m, it gets […].
12:00

…And this absorption of light depends very much on what is in the water column. Clear water absorbs much less light than water with sediments or phytoplankton. So let’s come back to the situation of the phytoplankton in the late winter.
12:20   [Clicks on Concept “Phytoplankton: Low numbers” - Image #2: Mixed Layer Depth, Euphotic Depth, and Light Profiles in Winter and Spring]
In the later winter, the phytoplankton have plenty of nutrients - that have been mixed from beneath the mixed layer, but they have very little light for two reasons: One reason is that the average hours of daylight are very low - very little solar insolation. And the other reason is that the mixed layer is very deep. The figure on the left shows you what the light profile looks like. It is marked with the euphotic depth, that is the depth which for the sea life the 99% light level [or the depth at which light intensity falls to one percent of that at the surface], and also with the mixed layer. The mixed layer depth in winter is much deeper than the euphotic depth. The mixed layer is very well mixed in the winter. 

13:00

…A patch of phytoplankton would actually get mixed down over several hundred meters in the North Atlantic, and on average the light level that they would see would be quite low – first because there is low light [in that season] and second because there is not  much light [penetrating the water column] down to several hundred meters depth.  So because of the strong mixing light and a very deep mixed layer, the phytoplankton see very little light at those depths. [Now what happens with the coming of spring is that the mixed layer shallows [moves closer to the ocean surface]. Two things have to happen: one is that solar insolation increases, and the second is that the mixed layer shallows [in depth]. When the mixed layer shallow, we see the phytoplankton increase due to the greater amount of average light…the average light available is much greater and they have plenty of nutrients, and then they show significant growth.

13:50
Back to Concept Map: Winter

So this is what we are trying to explain to you today: what are the processes that cause the shallowing of the mixed layer, and the onset of the phytoplankton bloom.

14:00
Move to Concept Map: Spring

So let’s move on to look at the conditions in the spring. Similarly this map is shown in three dimensions (3-D). Solar insolation is increased and so you are starting to see more hours of daylight, but the phytoplankton are still very mixed very deep  - as long as there is cooling. The other ingredient you need to increase is the amount of light with depth. If you can do that, then pretty much you would have the North Atlantic Bloom throughout the year driven entirely by solar insolation….but there is a certain variation in the timing of the North Atlantic Bloom and that has very much to do with how the ocean gets stratified. By ‘stratified’ I mean initially the mixed layer is very deep, but now you can see the variation… 

15:00 

… in density in the mixed layer called stratification, then the phytoplankton can no longer mix effectively to depth , and they would start seeing, on average, a larger light level. 

15:17   [Clicks on Concept “Restratification: Surface Heating” - Image #1: Heat Redistribution”]
So, conventionally, the idea has been that the ocean starts to stratify due to the surface warming. With the onset of spring – of the spring time- it starts to warm the surface ocean.  Just as we increase the amount of light in the surface ocean, we also increase the amount of heat to the surface ocean. And as we start to heat the surface layers, it leads to a shallowing of the mixed layer depth to initiate the North Atlantic bloom…we start to form a layer of […] (15:36-47). That’s what we have understood so far and over the years as the reason for generating the stratification that brings about the bloom. The most exciting thing that happened…

16:00

…in this last experiment that we conducted in the North Atlantic is that we saw a number a very important processes that lead to generating stratification…

16:07   [Clicks on Concept “Restratification: Eddies” - Image #1: North Atlantic Bloom: Float Density Profiles”]
…and we knew that this was happening in the surface by the stratification of eddies. But rather than saying that this is happening, let’s look at the density profiles that were measured from our cruise. This is usually measured in ocean color that was following the patch of […] (16:31). The colors [of the density profiles] indicate the time of year [they were collected - see color bar on graph]. We list the time as ‘day of year’. 95 is [a day] in early April [4/8/08] and 125 is a day in early May [5/4/08). The dark blue profile is what the mixed layer density looks like in the beginning - before the onset of the bloom. And as the colors progress from blue to light blue to green to yellow, see how the density is changing. And that essentially is what really comes down to the density. 

17:00

But do you notice that if indeed the surface ocean is warming, we should see a change in density starting at the surface and propagating down – these light layers develop only at the surface. Instead what we see that the entire density profile seems to have physically changed as if the front has slumped and fallen down. We see that the density profile is no longer vertical but they are now looming - as if dominoes had fallen in place - and are slumping. 

17:29   [Clicks on Concept “Restratification: Eddies” - Image #2: Stratification3”]
A few years ago there was some modeling and theoretical work that showed how you could generate stratification in the mixed layer. This is a figure that you are seeing from the paper schematic that I have been talking about in 2008 when this idea was very new. You see a picture of the front – above, and you see that the front becomes unstable…
18:00

 …which is known as baroclinic instability. When the front becomes unstable - unstable and wavy – it forms eddies. As I mentioned, fronts contain a lot of potential energy, but eddies allow to convert potential energy to kinetic energy  - allowing the slumped front to slump as the lighter water overrides the denser water.  .  .  

18:25   [Clicks on Concept “Restratification: Eddies” - Video: Model of physical conditions …]
Let me show you a little animation movie from a model from the […] (18:25-29) that we have done - that will help explain the process. On the left you are seeing density in surface ocean in the region of this numerical model - it is an idealized numerical model - It is density - as seen from above [i.e., the ‘airplane’s view’ or top-down view of an x-y plane slicing through the ocean] On the right you are seeing – on the right top figure - you are seeing cross-sections of density through the front. In the figure below that  -the second figure on the right  - we are showing you N-squared (N2), which is the stratification or the layering index [buoyancy frequency too?]. 

19:00

So as I play this movie, you will see the front - with lighter water shown in blue and denser water shown in red. The front becomes unstable – it becomes wavy, and eddies are formed. As the eddies are formed, the lighter water starts to override the denser water.  The mixed layer,  which was originally 200 meters deep, has now become a 100 meters deep. So in a short span of time, which was about 40 days time [days shown on the top right graph]. The numbers on the x-axes are kilometers. The thing that is clear - within a few days – on the time-scale of weeks- you’re seeing a shallowing mixed layer, and so the average light in the mixed layer is starting to increase. 

19:49   [Clicks on Concept “Phytoplankton (Bloom)” - Image #3: NAB: Bloom Initiation Time Series”]
But now let’s think about what is happening with the phytoplankton when they are [‘leaped out of station’?] by eddies . We have a time series that is showing us this is a summary of our observations […] it is showing us the chlorophyll […] (20:06)
20:00

So we see that around day 110 or day 105 the chlorophyll started to peak.  You have logarithmic axis – the y-axis is logarithmic -  [?] 20:18-21 of the peak…and coincident with that, the mixed layer became much shallower. So we have a clear indication that the shallowing of the mixed layer played a strong role. We also see that the average light in the mixed layer, which has shoaled,  …[has increased?]. . . ?. (20:34-38) So our observations indicate that the shallowing of the mixed layer played a very important role in ..?.. (20:45)  the onset of the bloom. 
20:48   [Clicks on Concept “Phytoplankton (Bloom)”  - Video#1: NAB: Physical Conditions]
I’ll show you a movie now – again, created from a model and that’s an animation –of the same type of model that I showed you earlier. What we have down now is that - in the model - we have added phytoplankton, and the phytoplankton generate chlorophyll.

21:00

 So now on the left you will see density, that’s from above, and the second panel is showing you chlorophyll - from above [top-down perspective]. On the right hand side you see three cross sections. One is of chlorophyll, the second is of density, and the third is of stratification.  So this front becomes unstable - as you saw earlier. As it becomes unstable, it starts to generate eddies. And as the eddies are generated, the lighter water tends to override the denser water, and we have stratification. What happens to phytoplankton? There are plenty of nutrients available at this time. What happens to the phytoplankton is that, as you see, in the regions where the mixed layer become very shallow, as indicated by the white contours in the cross section. In the regions where the mixed layer becomes very shallow, the chlorophyll starts to bloom – because the average light is now very high. 

22:00

You see that generate that we are generating a bloom, because you have increased the average light in the mixed layer. So this is the basic process that generated the bloom. We also found that the nutrients are plentiful during the time of the initiation of the bloom – nutrients are  [?] (22:18). 

22:17   [Clicks on Concept “Nutrients”  - Image#1: Nitrate Time Series (NAB Experiment)]
The restratification that was generated by the eddies is the reason that we saw the bloom in this case. We know that was the case because -in this particular experiment- the ocean surface continued to cool - even when the bloom started. This is a measurement of the nutrients that you are seeing. The blooms started around day 105 up to around day 130 – the nutrients were trapped - they haven’t gone up. We know that the first bloom – which was a diatom bloom- which you heard about in the other webinars - was initiated by the stratification which includes the light. Throughout this period…

23:00

…when the bloom started, we hadn’t entered the phase when the ocean surface was warming – due to surface heating. 

23:06   [Clicks on Concept “Phytoplankton (Bloom)”  - Image#4: North Atlantic Bloom: Shoaling of the Mixed Layer precedes Bloom]
So this is like a slight shift in paradigm that has come about from our [..] (23:14) The way that we view the ocean surface as being restratified with the depth of the mixed layer changing is now dependent also on density. I am showing you here a cross section of the ocean made by gliders – the contours are density, and the colors show the chlorophyll. The red color indicates high chlorophyll. Here too the observation we see that when the mixed layer becomes shallow, you get high chlorophyll – suggesting that this region was indeed light-limited. 

23:45   [Clicks on Concept “Phytoplankton (Bloom)”  - Image#2: North Atlantic Ocean Color-detail]
I’ll end by showing you a satellite view of the bloom, taken from space. And you’ll notice again – just as you saw in the movie that I showed you – the phytoplankton (or chlorophyll) being stirred by eddies. And you’ll see in this picture…

24:00

…that the eddies [‘clearly factored in the flow’ ]for the phytoplankton in the surface ocean - much as you saw in our numerical simulation - again providing evidence that indeed the eddies are shaping the phytoplankton bloom. Ok, I think I’ll stop here. If you have any questions I would be happy to take them. Thank you. 
End 24:20

