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Coordinator:
This is the operator. Thank you for standing by. I'd like to remind all parties that this conference is being recorded. If anyone has any objections, please disconnect at this time. And again, if you need any assistance, press star 0.

(Jane):
Thank you. Well hello everybody and welcome to Part 2 of the Cassini 6th and Final Anniversary CHARM Telecon. This is Part 2 and it'll be the final one. The topic is Saturn's Atmosphere Interior and Rings. And we're going to start with the rings and then move in.


So our first - before - actually before I start with Dr. Jeff Cuzzi, I wanted to let everybody know that any background noise that you have going on, if you have a speakerphone - if you're listening to the telecon with a speakerphone, we can all hear the various conversations and noise. So it's a great idea to mute your phone using star 6.


And then if you have questions to ask either of the speakers, you can un-mute and ask questions. And Jeff would you like your questions to go at the end or during or do you care?

Jeff Cuzzi:
I'm happy to have them come along as we go.

(Jane):
Super. Okay. Well I'm going to introduce Dr. Jeff Cuzzi. He is a Planetary Ring Scientist at the Space Science and Astrobiology areas of NASA Ames. I hope I did that right. And he's going to be talking about - well, what Cassini has been doing - Cassini 6th year CHARM review of the rings and dust. So take it away Jeff.

Jeff Cuzzi:
Okay. Thank you (Jane). I imagine some of you have probably heard some of my talks before. I've been giving these annual reviews for a couple years now.


Last year in fact I gave - I don't know, it was sort of an overall review of pretty much everything Cassini has done. So if any of you want to catch up on a lot of background at sort of a more general level, you might want to dig out last year's the five year CHARM review. This year I'm going to go through that a little bit more quickly, in fact very quickly, and then just concentrate on what we've done this year.


So the first slide is just a pretty picture, the characteristic sort of golden hue of Saturn and the definitely non-white color of the rings and I'll get back to what that might mean later in the talk.


Second slide shows a very nice - this is actually a one by two mosaic of the rings from the unlit side. And to me this actually gives a more graphic demonstration of what's really going on there than a lit faced picture. Of course on the unlit side where you have a huge amount of ring material, the rings look dark because the sunlight's not getting through.


And that's what you're seeing in the B Ring there especially that very dark core of the B Ring which is - which is so dense that even with Cassini's advanced instruments and great geometry we're still having a little trouble getting transmission through some of those very, very dense regions.


You might be able to make out very faintly a couple of dim channels in the B Ring which are extremely interesting how those channels are kept relatively clear but that is basically the story. And then the A Ring which is on the outside and the C Ring which is on the inside are considerably less full of particles. So you can see the sunlight hitting the particles even from the side of the rings that's opposite the sun.


And then this Cassini division you can see in there historically named; it's really another ring. It looks very much like the C Ring in a lot of ways. And these are some of the big puzzles we actually have still to this day as what the structure of the C Ring is really due too, and in fact what most of that fine scale structure in the B Ring is due to.


Then indicated way off up to the right the G Ring and the E Ring are very defuse rings much further from Saturn. The F Ring at the bottom right is a narrow stranded ringlet or collection of strands and little objects. I'll talk about that later. And the D Ring to the inside of the C Ring is so faint that it's not visible in this picture but we have some other data on it as well. So that's the global view. Next slide.


Guess I'm on Slide 3 now shows a more traditional few of the lit face of the ring. And again, here now you can see the B Ring is very bright. Of course there's a lot of particles there. And it's not quite so obvious though from this one just how many more particles are there.


But all this irregular structure in the B Ring is really not understood nor are those nice clean plateau banded structures in the outer part of the C Ring understood. So I'll just get that off my chest right away and move on to what we have been learning.


Okay. So here's sort of what I'm going to say. I'm going to talk about the equinox campaign, which is a whole series of observations we took when Saturn's rings became edge on to the sun last summer. I'm going to talk about some new results about the outer edge of the B Ring, which is fascinating and more complicated than we had thought.


I'm going to talk a little bit more - a little bit about this micro structure, which is structure that is really too small for us to see with the cameras and we have to use these other observations like occultations and inferential observations of that sort to learn about it. But we are learning a huge amount about it and how it varies and how the rings themselves vary with time.


The next bullet, the fourth bullet, talks about something called propellers, which are big objects hundreds of meters to maybe a kilometer in size that are embedded in the rings and which we do not see directly. But which we see the influence of on the surrounding material. And we keep learning a lot about these things including some giant propellers, which we can actually measure the motions of. So I'll talk about that.


Talk about the F Ring some more and what's being learned about that very complicated structure. I'll say a few words about ring composition. I'll say a little bit about (REA) and some conclusions that people have been discussing over the years that seem not to be true.


And I just want to point out for those of you that may want to follow up in more detail during this year, there was very nice big fat book published by Springer Saturn from Cassini-Huygens, which has three or four chapters on the rings. And if you read those chapters, you will know more about the rings than I do.


So that's a good resource. There's a shorter review article that we published in Science March 19, which is very readable and it's got some online supporting material. I would recommend that to everybody just to catch up.


Okay. So moving on the next slide. Here's a plot of the opening angle of the rings either as seen from the earth, which would be the wiggly blue curve or from the sun, which would be the nice smooth curve.


Of course from the sun it's just a simple sign wave maximizing at about 25 and a half degrees and going to zero at Saturn's equinox from the earth because the earth's orbit is a little inclined to the ecliptic. You know, we get this little wiggle superimposed on that.


So you can see that somewhere around summer or fall of 2009 the rings became edge on to the sun. And those little circles on there are actually times we were taking radio occultations as well. So and that's where it matters where the earth's elevation is.


But when the rings turn edge on to the sun as you might imagine even though the planet is fully lit, the rings are very, very dimly lit and the sun is just grazing along the ring.


And at that time a vertical structure becomes very, very accentuated and we get shadows of things cast on the rings. Just like when you go - you want to take pictures of sand dunes of something you see in these aerial photos, make them look very spectacular. They're always taken near sunrise or sunset because you exaggerate the vertical structure.


Anyway, the next slide shows one example - this is like a time mosaic of a time sequence of the shadow of Mimas on the ring. It's a very beautiful picture and very, very confusing to try to understand.


It's actually the outer edge of the C Ring at the left and the inner edge of the B Ring on the right. And where the shadow appears to disappear, this is because we're actually - the shadow is actually falling on the opposite side of the ring.


And the side we're looking at is being illuminated mostly by Saturn because the sunlight is coming at such a grazing angle that its brightness on the ring is very low. So most of the illumination of the ring is from Saturn. So Saturn is illuminating the optically thick parts of the ring and it's washing out the shadow.


So where the shadow appears to disappear, it's because we're trying to see it through a lot of ring material that's illuminated by Saturn. So it's a really a cool thing to watch this and eventually once we get all this deciphered, we'll learn a little bit more about vertical structure in the ring. And I've got other pictures that show that more directly.


In fact this next slide, Slide 7, starts to show you some of these things that we started to see. On the right is Yankee Gap and that is basically the little satellite pan and it's right in the middle of the Yankee Gap there and there it is throwing a shadow on the ring because it's actually bigger than the ring is thick. And so it's six to ten kilometers in diameter and the ring is less than a kilometer thick. So this thing towers above the ring and can cast a shadow on it.


On the left and in the center shows something even more exciting, which is the Keeler Gap toward the outside edge of the ring toward the bottom of the picture there. You see that there's this kind of spiky looking structure, which is visible in its shadows on the ring.


So here that little moon you can see in the Keeler Gap is called (Daftness) and it's perturbing the edges of the Keeler Gap that shown in the next slide. So not only is it perturbing the edge in a radial direction but it's also picking it up vertically causing these very long and spiky shadows to be cast on the A Ring.


Nest slide shows that again in some different geometry. What's probably grabbing your eye the fastest is the movie down at the bottom where you can actually see the flow of the particles past the (Daftness). This simulation by (Mark Lewis) and Glenn Stewart and the little white ellipse is sort of a (Daftness) itself.


So just like water flowing over a rock in a stream causes a ripple that goes downstream from the rock, that's what we're seeing here. The ring material is flowing past (Daftness) and it's - (Daftness) is inducing this ripple in it.


And because (Daftness) is eccentric, its not on a circular orbit, sometimes its closer to the ring than other times so you get this kind of spiky non sinusoidal looking wake. And if you actually look at the images up close, you see that's very much what they look like.


So the two actual pictures show this. Show (Daftness) in the middle of the Keeler Gap and these (Daftness) wakes on either side. They alternate from inside to outside. (Daftness) one outside (Daftness) on the top, one is going to the right and inside (Daftness) going to the left.


That's because the differential motion of the ring particles outside (Daftness) up at the top. And it's true in the bottom - in fact both those pictures the rings are mostly orbiting from left to right. No, it's backwards sorry, sorry. On the top part of the picture the rings are orbiting from right to left let's say.


The outer band outside of (Daftness) is actually moving slower than (Daftness) so those wiggles get carried downstream to the right. The material inside (Daftness) is moving faster so those outer wiggles get carried to the left. And down at the bottom - I should flip this over someday. This is the same physics but it just looks in the opposite direction. The outer material is moving slower; it's falling behind. The inner material is moving ahead.


So we're really seeing really for the first time these vertical perturbations of (Daftness), which also proves that it's on an inclined orbit as well as an elliptical orbit. For instance, we didn't see any wiggles - any shadows due to wiggles on the edges of the Yankee Gap due to Pan. So that's the different situation.


But then the next slide actually shows something interesting. This is now the Yankee Gap. Actually you can see the Yankee Gap and the Keeler Gap off to the left. There's the F Ring way off to the left. And in the Yankee Gap we have these bright ringlets, clumpy bright ringlets.


And you can see these clumpy bright ringlets are throwing shadows on the A Ring inside them. So those ringlets are inclined even though the edges of the Yankee Gap itself are not. So that's fascinating as well.


Finally the bottom right of that slide this little bright blip here that's casting its own shadow, you can see this is something that's embedded right in the ring. This is one of these propellers. It's actually not the object itself but it's a cloud of material that's puffed up by this little object vertically as well as radially and longitudinally.


So this thing is actually puffing up ring material around it and it's causing the shadow. So we can really learn a lot and we did. We have. And we will learn more from these near equinox images.


Next slide is a beauty. It shows two things. First it shows a shadow of - this is probably Mimas or Enceladus again across the ring. This is the outer edge of the B Ring to the upper right and the Cassini division to the lower left. And you can see at the very outer edge of the B Ring there's this very interesting spiky very strongly disturbed region that is also casting its own set of shadows.


And this was not known before equinox either. And I'll have more to say about this. This is something - this particular disturbance has actually been tracked and it moves at a Keplerian rate. So it's associated with some object or objects that are all together here in this part of the B Ring right near the edge causing this - these perturbations but all just going around on Keplerian orbit. So it's the evidence of some massive stuff that we cannot see directly.


Okay. This next slide, Slide 11, just want to point out that we're not only taking pictures. We are also measuring the rings with all the other instruments. And the (Sears), which takes the temperature of the rings, is actually showing how the temperature of the rings changes with elevation.


Of course as the sun goes down, as the Sun sets on the rings, of course they get cooler. And you can tell by the shapes of these three curves that the way in which this happens, the shape of this is different for the A Ring, the B Ring and the C Ring.


And this is what we're going to - we're going to study these and model them to try to learn something about how the ring material moves from one face of the ring to the other and learn something about the micro structure of the ring. So this is all sort of a work in progress.


Next slide represents kind of an interesting story. The bottom picture shows the Cassini division. At the left there's the Cassini division with the various bands, four to five bands. There's another gap, there's actually two gaps. That bright structure with the wave pattern is actually what's called the ramp in the outer part of the Cassini division and the dark material to the right is the inner part of the A Ring.


Well, we observed this with Voyager. That's the upper picture and this was one of the most spectacular Voyager pictures we had. You can see how much worse it is than Cassini. So you can tell already we've come a long way.


But you can see that ripple pattern in this bright structure, which is actually the same ramp. And at the time we believed we had identified that as a - the very first spiral density wave in Saturn's rings. We wrote a paper on it in Nature. Must be right; it's published.


But then when Cassini got to Saturn again, that structure was nowhere to be seen. And we all looked. I looked very hard. Occultations, it just was not there. And however, now recently it has now reappeared. You can see it very clearly in the band taken very near equinox.


Well why is this? Because it's not a density wave. It's a bending wave. And again, remember at equinox, vertical structure gets exaggerated. So there's now no doubt about this. It's still there. It's also caused by (Iapodus). We were right about the Moon.


(Iapodus) is also inclined and so it can cause both a density wave and a bending wave. It may very well cause a density wave; just to weak to see. But we are certainly seeing this bending wave. And this is certainly something that was also seen in the C Ring.


So here's an example; 20 what it's 30 years 20 - 30 years later we get a chance to say oh we were wrong about this wave. So that's kind of fun. But this is not the only ripple that we're seeing. Here's some more ripples. These are in the very inner part of the rings. These are actually in the C Ring.


This ripple is probably - it was first seen in the D Ring, which is off to the left; very hard to see. But equinox, because of this accentuation of the vertical structure, we can see this ripple propagating all the way through the inner part of the C Ring. And in fact on the next slide you can see it propagating way out on this top panel of the next slide. It propagates half way through the entire C Ring.


And the explanation for this particular ripple seems to be that something flipped the rings up relative to Saturn's equator or flipped Saturn's equator relative to the ring plane by a very small amount a fraction of a degree over 20 years ago. In fact it can be dated to 1984 by the way these waves are wrapping up because they wrap up a certain rate you can measure the wavelength of these things and how it changes with time. So this is changing as we watch it.


And we don't really know what this event was that tweaked the ring relative to the planet. But the behavior here seems to be pretty clear. So that's a bit of a puzzle and a fascinating one.


On the bottom this is another view of this (Iapodus) bending wave that I just showed you in the previous slide. Right in the center of the picture where that wave is the most prominent, that's the region that I showed you there. But you can see that the wave doesn't stop at the inner edge of the A Ring where the brightness sort of gets a little dimmer. It propagates right up across the edge of the A ring and right into the A ring.


The next slide actually shows a crude representation of this is a plot of the optical depth, this trace here, and that linear ramp is the ramp in the C Ring and then the abrupt edge is actually the edge of the A Ring. So the C Ring ramp is the green. The red is the first structure of the A Ring and the blue is where the A Ring really begins. And you can see that wave just propagates right through all there without really changing its wavelength very much.


So this is a direct measurement of the surface mass density in that part of the ring because the wavelength of a spiral wave, bending wave, or density wave tells you directly what the surface mass density is. So this is really great stuff.


So next I want to hit back to the B Ring again. The outer edge of the B Ring - this picture on the right is sort of a mosaic and these very complicated bizarre looking structures you see on the far right are the ones that I sort of showed you before.


These flipped up edges at the very edge of the B Ring, which are associated with these condensations of massive objects. But that's not all that's going on. If you look at a more global level like the graph on the left shows scans across the whole 360 degrees of the A Ring with different fits to their structure taken out.


So the top one shows pretty much everything and you can see there's sort of a single lobe fit, what's called an M equals one that they can fit to that. They take that out and then you can see in the second panel sort of a couple of these two lobe structures, which are what we call M equals two.


Well one of these is definitely due to Mimas. We knew that since Voyager. Mimas is actually exciting this M equals two-lobe structure, which means it's shaped sort of like a football. The ring edge has two minima and two maxima. And the minima follow Mimas around because it's a resonance with Mimas, two to one resonance.


So you take that out and then you find out there's another M equals two structure, which is more of a freely moving structure. It's just sort of freely moving around the ring. You take that out and then the bottom panel you see actually there's a three lobe structure.


So the ring and this is really due to the fluid nature of the ring. It's just flopping around. There are sometimes when all these patterns beat against each other in such a way that the ring has almost no eccentricity at all.


And this was actually first seen by UVIS and then there are times when the eccentricity comes back but it's a different location. So it's a very dynamic structure. It's not at all just simply locked to Mimas as it goes around. So lots of interesting fluid dynamics going on here.


Next slide sort of shows another - some work that UVIS has done now. These are stellar occultation scans of the outer edge of the B Ring and you can see how different they are at different times.


Here they're all lined up with the edge where that outer vertical dash line is but actually what happens is that outer vertical dash line the edge moves in and out and so the ring gets squashed. And as it gets squashed in, UVIS Team has argued that these condensations of material get packed in together and actually form new objects.


And it's possible that these new objects that get formed can become the objects that we now see at the very outer edge of the B Ring. So lots of interesting stuff going on here.


Next slide. So interesting story. Now we're back to the Cassini division again. This is stellar occultation scan of the four or five plateaus in the Cassini division, each separated by these narrow gaps. And then there's the Huygens Gap on the inside, which is a big broad gap.


And then the edge of the B Ring way to the left and then out on the outside there's a Laplace gap which is a very broad gap and then the - basically the beginning - we started on that ramp off to the right.


So these little gaps which all have names now the Herschel gap, the Russell gap, Jeffreys gap, Kuiper gap and so on. We've been trying to find little moonlets in these gaps because, as you know, moonlets can clear gaps and we have not been able to find any and we've looked. The searches have not been perfect but it's a little bit of a puzzle why we haven't seen anything.


There's a new theory now that has been proposed by (unintelligible) and the theory has to do with what they've done is they detected eccentricities to the inner edges of these various gaps. And they can measure the rate of which these edges just (precess) around and there all just very regularly spaced in how they (precess).


And they suggested that these gaps might actually be caused by this massive pulsating edge of the B Ring. So it's got all these lobes to it that come and go and all their various frequencies and it's a significant amount of mass there. Not only the edge itself comes and goes by about, you know, 50 kilometers but there may be this mass that's stuck out there as well.


So they have a very interesting theory that suggests that these gaps may actually be caused by the gravitational torques of the edge of the B Ring and may have nothing at all to do with moonlets in the gaps. So this is something that we're going to test as we go further down in the mission.


Next slide. Just want to point out here's again the Cassini division and the edge of the B Ring. You can see the edge of the B Ring's got this kind of contorted structure in this slide. And this very, very bright ringlet in the Laplace gap, the outer gap in the Cassini division. This thing's been called the charming ringlet.


And it was just really not there when Voyager went by. And here it is - in fact we all - it can be detected in Cassini images when Cassini got there faintly but it certainly has changed since Voyager.


So there's something going on. That probably suggests to me at least that there is a moonlit of some sort in the gap and something hit it and knocked a bunch of this rubble off and this is all very fine grain material.


Kind of an interesting thing about this particular ringlet is that it has a particular shape that's driven by sunlight. So it always wants to have its (appalaps) pointed toward the sun because of radiation pressure. And in addition to that, as the - as this little cartoon at the bottom left shows basically the sunlight, the forcing due to sunlight is sort of the center of that circle.


And then the eccentricity that the ring itself flops around at moves around the perimeter of that circle with a smaller amplitude. So there are two different eccentricities and the thing kind of flops around. So that is an interesting dynamics to try to study. How can that be? But that is the way it is.


Okay. I want to say a little bit about these wakes. Next slide, Slide 20. And this is a cartoon I've shown before showing how self-gravity actually causes ring material to collapse into these condensations. And then the tides from Saturn tear them apart. Here are the - we're moving around at some particular radius in the ring and material to our left is moving faster and material to our right is moving slower. So that's the tidal sheer that's tearing these things apart.


So these wakes have this characteristic slant and depending on where you stellar occultation goes through them, you'll see more or less opacity. This is something - the stellar occultation people have been looking at for a couple of years.


Most recently - next slide shows something that radio science has now started to show. Radio science has a beam that covers sort of a broader sloth of the ring. But because of the coherent nature of their beam and the fact that they can measure a very finely separated frequency spread in the scattered signal, they can actually tell something about the asymmetry of a pattern like this.


So for instance, this wake image down here at the bottom left they model this as these tilted cylinders in the ring. And the tilt of the cylinder determines the slope or the slant in time of the frequency of these features as you track a radio occultation to the ring, which is what this gray scale pattern is on the right.


So what you're actually seeing in this gray scale pattern is two kinds of structures. The slanted patterns that run from top to bottom are the standard self-gravity wakes. And they have a typical slant structure to them, which can be distinguished from the slant of these darker little patterns that you see bunched toward the center of the frame.


It's a little hard to tell from this but the slope on these different structures is actually different. And from the different slope, radio science can actually tell what this cant angle has shown on the cartoon on the left, they can actually measure of the cant angle of these structures.


So for wakes you can see they're tilted compared to the tangent. And for these more dense bands that come and go, it turns out that they are aligned with the tangent and they can tell the difference between that in this data. And these scales are so small; these are 100 to 200 meters. Again, these are too small to be seen in any images. So this is a very elegant way of learning about structures that are too small to be seen in any images.


The next slide, Slide 23, kind of shows how these cant angles of these structures vary in the rings. And in the C Ring there you can see that everything is pretty much lined up at the zero degree contour showing there's no self-gravity wakes there at all.


But as soon as you get into the B Ring and the A Ring, you can see all these blue structures that are down more toward the bottom of the chart around 15 degrees. So these are all canted showing the signature spiral density waves. But in addition, in the B Ring and in part of the A Ring these green and black structures are also there simultaneously.


So here is very fine scale structure that is almost purely (unintelligible). So it's a different kind of a structure. So radio science has just started to study this and it's a very powerful technique. We expect to see more of this as time goes on.


Let's see UVIS. I think this is actually an old plot. I think I'm going to skip this Slide 24. Let's go right to Slide 25. I want to talk a little bit about these propellers. These are these 100-meter objects that we see indirectly. And the three plot sort of at the bottom. The one on the right is a schematic of what a massive object does to the orbits of particles that are passing by it.


So here's the object at zero radius and material is flowing - above the object material is flowing to the left and below it material is flowing to the right. So just like in the Yankee Gap, Keeler Gap case material that passes by this object gets strongly perturbed into these disturbed orbits you can see and there asymmetrical about the object.


And you can imagine that density of these lines tells you something about the density of the particles here. So there might be these kind of cleared out regions above and to the left and below and to the right of a dense object. And even though you can't see the object, these cleared out regions are big enough that we can see them.


So then the density plots sort of on the left show that more like models of what you might see if there was an object embedded in the ring. And the characteristic shape to these things has led us to call them propellers. So we actually see these things. Now they don't look quite as good as this. I'll show you some examples of them.


The picture on the left kind of shows an example of where we see them in the outer part of the A Ring. Then that little box enlarges up to the central box which kind of shows your - these of couple of spiral density waves and there's little tiny boxes in there which if you enlarge those boxes up, you see several of these little double dash features in circles and those are the propellers.


And so they're individual objects that are many 10 or 100 kilometers long and maybe only a few kilometers wide but they can be detected. So we can count these things and we can estimate the mass of the object from the sort of the radial width of the structure.


So going on to the next slide. This work has been done over the last couple of years. These objects have been seen on - the little right hand panel shows that there - they are localized in three very distinct separate radial Bands. They're not everywhere. They're localized and that's very interesting all by itself.


By counting these objects and knowing their size as you can see in the left hand plot, you can kind of come up with a mass distribution. This plot shows the ring material itself, which is the solid line ending in a square box and then sort of at ten meters and smaller. And then at way down at the bottom of the plot on the right there are Pan and (Daftness) which are very big. They're several kilometers in size.


Now we've already wondered if there's anything in between there and that's exactly where these propellers fall. Their sizes are between tens and hundreds of meters but you can see they don't quite fill in the gap between the biggest ring particle and the smallest moonlet. They are less abundant. And the slope of that distribution is so steep that we know from that that they just can't have very much mass.


So this is not the missing reservoir for the ring mass. They are tensile if you like but there not dominating the ring mass. Most of the ring mass is right up here in these ring particles up to about ten meters.


So this recent work now has been done by (Tiscarenorol) - let me just show you this. This is a - gives you more of a feeling as to what these things are. They're just everywhere. There are thousands of these things. Each one of these little yellow dashes is a propeller and the red line kind of indicates the inner boundary to one of these propeller zones that I indicated.


And you can see there really isn't much of anything to the left of that and above it whereas they're just all over the place to the right and below it. So they're just all over the place in the A Ring. But these guys are all pretty small. And you're never going to know if you ever see the same one twice.


But now what to (Tiscarenorol) have found is that there is a subset of these things that lies mostly outside of the Yankee Gap that are so big that they can actually track them. And they can actually measure their orbital speeds and it changes.


So the bottom right panel there shows sort of a longitude residual. So what that means is that if these things were really moving at a constant speed, all these points would be lined up along zero. That is they would always show up at the predicted longitude given their apparent motion. But the fact that this longitude kind of varies, what it shows is their orbital velocity is changing which means their distance from Saturn is changing. So they're moving around.


And this is very exciting because in the protoplanetary nebula case there's a situation where embedded cores of planets move around. It's called Type 1 migration and we think this might be in an analog for that so that we can actually start to learn some more about that by watching these propellers come and go. So a very interesting new result.


Okay. Next slide, Slide 29. I'm going to go over this pretty quickly because you've heard a lot of this before. All the giant planets have little moons outside them. These moons have residences in the rings and these residences kick up these spiral density and bending waves and we've talked a lot about that.


The next slide; again, this is the A Ring and it shows some of these spiral density waves to the right. There's a bending wave on the left. The bending waves tend to movie in and the density waves move out.


Nice thing about this is you can measure the mass density of the rings directly by the wavelength of these waves. And this is critical because we have to know the mass density of the ring to help us understand how old they are. So any advance in the theory can actually help us here.


Next slide actually shows some work that has been done recently by radio science where they look at the same wave at many different longitudes here on the left and they can combine those measurements to actually show in detail how the mass density varies throughout. Not just on the average but throughout that whole density wave region.


So this is very good high quality stuff and it's really helping us understand how the mass density of the ring. There's no big surprises in there yet. The A Ring mass density is not too different from what we thought it was which is very important about the age of the ring.


Okay. I want to say a little bit about the F Ring. Next slide here, Slide 32, just an overview; shows you the outer part of the A Ring, Yankee Gap, Keeler Gap and here's the F Ring with Prometheus inside of it. Next slide.


Now you've seen this before. Here's a little movie showing how Prometheus because Prometheus is eccentric and the F Ring is eccentric as they encounter each other the F Ring - the Prometheus causes these gores and channels to occur in the F Ring. And depending on what orbital phase you come back and look at, you will either see these big empty channels or you will see these kind of spiral pinwheel like structures. And it all is very well explained I think at this point.


So let's go on to the next slide which shows the orbits of Prometheus and the F Ring actually presets on a long time scale such that late in 2009 Prometheus was at its closest point to the F Ring and it's perturbations are getting increasingly strong and we're sort of still in that time period now.


The reason why I bring this up is that the pictures at the lower left show some Hubble pictures of the rings in 1995. And you see these giant clumps and arcs, Arc C, Arc D and so on in the F Ring. We just have not seen anything like that yet with Cassini.


And it's interesting that this time period was very shortly after one of these close encounters with Prometheus with the rings. So, you know, if you want to be speculative and you might say that we ought to keep looking at the F Ring and we might still see some real action happening out there that is as a result of this current close configuration of Prometheus and the F Ring. So watch this space for development.


Next slide, Slide 35. Nice work done by the Queen Mary Group (Berly et al), (Murray et al). The F Ring this is a whole 360 degrees of F Ring. You show all these spikes in it and jets. These are the signatures of probably massive objects that get excited by Prometheus and they go on these eccentric orbits and they just keep, you know, exciting the F Ring.


So there's a lot more there than meets the eye. These wispy jets go off at an angle from the F Ring as shown by this model at the bottom left are where some massive object has crossed through the F Ring and stirred it all up; just kicked a whole bunch of stuff right out of the F Ring.


And the panels on the right show one such object his thing called (2004 06) and the two panels on - the top one it shows you this object inside this F Ring and on the outside it shows it outside the F Ring and you can also see a little clump of material associated with it, which stretched out and went away of a couple of weeks.


So this thing basically is the one that was responsible for this big set of jets in the F Ring, crashed through the F Ring, caused the jets in the F Ring, caused some stuff to be kicked off its own surface and as time goes on, that stuff all goes away and the whole process restarts.


So it's a very violent and exciting environment to track. It's been very hard for the imaging team to track more than this one object because the orbits keep changing probably because they're chaotic.


So again, there's a lot more to be learned about this structure. This next Slide 36 actually shows a lot of things. So first of all you see these diagonal channels. We talk about these gores that Prometheus causes. But what you want to focus on now are these features labeled F and there's three of them. And you can see very faintly in there right below the F there are these little fans, little three or four lobe structures sort of like mini versions of these big Prometheus channels.


So the idea is that right at one of these places where Prometheus excites the ring and compresses ring material, big massive objects are being formed that have some persistence. And they can then create these fans. So here's a good example that (Berly et al) has suggested.


It was actually very sad (Kevin Berly), we lost (Kevin) this year to a ballooning accident and the paper was basically dedicated to him who he did a lot of work on the F Ring structure. But these F Ring channels are evidence that there is some kind of creation of massive objects that's forming in these compaction regions. Now how long they persist, that remains to be seen. So there's still lots and lots going on here in the F Ring.


Okay. Just a few more things about moonlets here. I wanted to show the outer edge of the A ring because it's very close to, you know, the title effects of Saturn are getting weaker as time goes on or they're getting weaker as you go out toward the outer edge of the A Ring.


So clumping gets stronger. This is a beautiful picture that was taken near equinox and with the shadowing at the very outer edge of the A Ring, you see all this (humongously) giant clumping going on there.


One of the new suggestions this year, next Slide 38, by (Charnos et al) is that with this clumping - gravitational clumping that goes on the outer edge of the A Ring, it's possible you actually form moons there. And then these moons retain their integrity and because of there gravitational interactions with the rest of the ring, they then drift away from the ring.


So they suggested that Endora, Prometheus, Atlas, even Janus and Epimetheus all what we call the ring moons outside of the outer edge of the ring were formed at the edge of the ring and drift away. And that's what these little panels show seven million years, 54 million years, 500 million years and three gigayears; these little guys were all formed right at the edge one after the other. And then just like a little train they just move away by there own torques.


And you can see not much happens between half a billion years and about three billion years so this is a very consistent with the idea that the rings are only about half a billion years old.


Okay. Next slide actually gives you an idea what some of these moonlets are. I think I've mentioned this before but I just want to say it again that these moonlets are all rubble piles. They're not dense solid icy things that are just composed of rubble. They may have some more dense object in the middle. But overall their density in their overall shape tells us that they're just rubble piles; all of them Atlas, Pan, Janus, not so much Epimetheus, Prometheus, Pandora, pretty much all.


Okay. So let's move on. I think in view of the time, I want to skip a little bit over this slide here. Let's just touch on the composition a little bit. I just want to say, you know, this is discussed in one of those review chapters in the Saturn book.


It's been known that the rings are red. Over the last year we've been debating a little bit what could cause that. The in near-infrared spectra such as this one (vin spectra) shows (water ice spins); very clearly water ice is dominant. But the left on all these spectra, you see this very sharp downturn of the brightness sort of from the green and down to the blue.


That's what makes these rings look red. And it turns out that this shape of this spectrum looks more like Saturn satellites than it does like outer solar system reddish objects only its more extreme.


So next slide shows sort of two of the concepts that have been suggested for this redness. There are some organic materials like the things that make carrots red that are these sort of small aromatic carbon compounds and they have a red look to them, could be these things.


The bottom all those test tubes kind of show what some of these things look like or it could be old fashion rust just like what makes Mars red. The problem there is how do you get that iron there in the absence of (asilicade).


So we're still debating which of these two reddening compounds is important. But the thing that's changed over about the last year is now at least I'm starting to think that the spectrum of the rings looks more like the local icy satellites than things like Pluto and Charon and all these icy outer solar system (pholon) like objects which are thought to be made red by organics. You know, there is a bit of a - little bit of a change going on there I believe.


Okay. Just a couple of other slides having to do with impacts and spokes. This one thing we could actually see with the rings being almost edge on is the actual impacts on the rings and the size of these things is really not known; needs more modeling but there they are these little streaky things - actually things hitting the rings.


Next slide. I want - just a little bit about spokes. The Voyager discovered spokes. And when Cassini first got there, we didn't see any spokes. And a theory was developed as indicated in the upper right panel that photo charging of the rings by the fact that the sun was high in the sky at that point was suppressing the dust from being visible. And the prediction was that, as we got closer to low sun angles we start seeing the spokes again. Next slide.


Indeed that was the case. Started seeing them in 2008. And the next slide shows a movie of this, the most recent Cassini movie. This is spokes seen at a high phase angle where the dust in them is actually bright. So you can see they're back. They're there. People are studying the periodicities of these things and the formation of them. And we're just starting to see more progress again. As time goes on and the rings open up more as we move away from equinox, we expect to see these things go away again.


Okay. Next slide. VIMS has been looking at these as well. And they've got a spectrum now of a spoke seen in the dark patch over here to the left. Now VIMS can actually measure the spectrum all the way out to longer wavelengths than imaging can.


And what this shows is the contrast in the spoke actually keeps increasing all the way out into the near- infrared, which is very interesting. And it shows that there are more large particles there than we had thought of before. It used to be thought that they are all smaller than a micron. But if they're all smaller than a micron, you would see sort of the dash line that goes down to the right. So new information from new instruments is always good to have.


Finally I just wanted to touch on (REA). In the context of rings, there were some observations taken by the MAPS instruments. Depletions of charged particles in the vicinity of (REA) that were originally suggested to be due to rings around (REA). But the - those constraints are shown in the two panels on top in the orange color.


So what that shows is that to explain the MAPS observations by particular material, the size and the abundance of the material has to lie above that orange line in that orange area. Okay either for narrow rings or broad clouds.


Now the imaging team has been looking with very, very sensitive observations as shown on the bottom. Both at low end high phase angles and there's just no evidence of anything. And as you probably know, looking at high phase angles is a very sensitive way to look for dust.


These observations were taken at almost edge on incidents. It's like the optimum way to look for a ring and there's just nothing there. So the green areas actually show what in terms of particle size and abundance are allowed by the fact that the imaging team just sees nothing at all.


And you can see that the areas are just not overlapping. That is that they are inconsistent. You cannot satisfy both of them. So what I take away from this is that what the MAPS teams are seeing is it's clearly real, there's no doubt about it, but it's not particular material and it's not rings either narrow or broad.


Okay. So that is all I have to say.

(Jane):
Thank you Jeff. Does anybody have any questions for Jeff? And there's a few backup slides that you can go through for some additional information but they're backup slides. Any questions?

Man:
May I ask a question about Slide 50?

Jeff Cuzzi:
Yes.

Man:
You remarked that there are two further measurements required.

Jeff Cuzzi:
Yes. Okay.

Man:
Can you tell me what they are?

Jeff Cuzzi:
Okay. So there's this questions of the young age of the ring. And there's two lines of logic for that. One has to do with the torques of the moons and one has to do with pollution of the rings by meteorites. And they both tend to agree. And then that gives you an age that's much less than a billion years which is hard to understand.


So we really need to press on these. And thinking about the pollution measurement, it has been suggested that one way that the rings might - that we could allow the rings to be older is if they have a lot more mass than we currently think.


Now remember when I kept talking about measuring the mass of the ring with the spiral density waves or the mass of the propeller objects or all this business about the mass of the ring, that is the motivation for wanting to know that.


And as far as we can tell based on all the spiral density waves that we can see and all those propeller objects, there's no surprise in the mass of the A Ring or the C Ring or the inner B Ring.


However, the middle part of the B Ring - you remember that first slide I showed you where there's so much mass it's hard to know what's going on in there. It has been argued that there could be ten times as much mass in there as we think, which could allow at least that part of the ring to be as old as the solar system.


So we need to measure two things. We need a different way to measure the mass of the ring other than spiral density waves because there just aren't any in that part of the B Ring.

Man:
Right.

Jeff Cuzzi:
So what we're doing to do with Cassini at the - we hope, we plan. Toward the end of the mission we're going to go into an orbit that is what we call a Juno like orbit that is the (periapts) of the orbit is between Saturn and the rings. We're actually going inside the rings, inside the D Ring very, very close to Saturn.


So because we're in these very, very close orbits, we can use the radio tracking of the spacecraft to measure the gravitational influence of the rings on the spacecraft. And we hope to measure the mass of the rings to a few percent this way. So this is very exciting to look forward to. This will really just absolutely nail the question of the mass of the ring.


The second measurement that you have to make is what's the mass of the meteoroid flux? And this has been a bit of a disappointment. We were unable to measure doing cruise. We thought we were going to be able to measure by a close fly by of (REA) to measure the mass that has been kicked up by the meteoroids there.


This happened a couple of months ago and we saw absolutely nothing. And this is a big surprise because the same measurement approach has been used successfully at Jupiter by Galileo.


So it really throws this question open. Are we going to be able to measure the meteoroid flux? And this - we have one more chance. We're going to try the measurement in a slightly different way to see if we maybe shot ourselves in the foot by trying to be to smart. But that's - those are the two measurements. We need to measure the mass of the ring and the mass flux of meteoroids.

Man:
Okay. Thank you very much. The meteoroid flux measurement that you have for the future is that imminent or is it an end of mission proposed?

Jeff Cuzzi:
I'm not exactly sure when. It's really neither. It's probably a few years away though.

Man:
Okay. Thank you.

(Jane):
Thank you everyone. If we don't have any more questions, I'll move on to our final presentation for today and that will be Dr. Andy Ingersoll. He's a Professor of Planetary Sciences at Caltech and he's also a member of the Cassini imaging team. I hope I got that right. Andy you're probably - you might be on some other teams too.

Andy Ingersoll:
This is a test. Can you hear me?

(Jane):
Yeah.

Andy Ingersoll:
Okay. Good.

(Jane):
Great, I can hear you. So can everybody here me, yeah. Hello?

Jeff Cuzzi:
Can you hear me?

Man:
Yeah.

Jeff Cuzzi:
Oh. Well this is just Jeff but I got to go.

Man:
We have our mutes on.

Jeff Cuzzi:
Okay, I can't hear Andy or (Jane) though.

Andy Ingersoll:
I'm here.

Jeff Cuzzi:
Okay.

Andy Ingersoll:
I can't hear (Jane).

Jeff Cuzzi:
Maybe she's got her mute on.

(Jane):
...me. Can you hear me?

Andy Ingersoll:
Yes.

(Jane):
Okay. Great. Okay. So I'm going to say that again in case I was on mute by accident. Thanks Jeff for your presentation. It was awesome.


And now we're going to move on to the final part of the sixth anniversary CHARM Telecon with Dr. Andy Ingersoll, Professor of Planetary Sciences at Caltech and member of the Cassini imagine team, as is Jeff Cuzzi. And I think they - they're both covering many of the instruments on Cassini during this overall presentation. And Andy will be talking about the atmosphere and interior of Saturn. So take it away Andy.

Andy Ingersoll:
Right. Well I am an Atmospheric Scientist, which means I've studied - but I'm interested in planetary atmosphere. I've studied atmospheres with pressures ranging from a few parts per - in a million relative to earth up to the giant planet atmospheres, which of course have almost limitless atmospheres if you go down enough down to a million times the earth's pressure.


So move on to Slide 2. This is a Voyager image of Saturn. And this ball of gas would float if you could buy an ocean big enough to float it that. What I'm really saying there is that its density is less than the density of liquid water.


Now the only way to make something of that low density that's also that large because when you make something large, it has a lot of gravity and it compresses itself. Well the only way to have such a low density and that large size is make it out of hydrogen.


So that's what we got here. Mostly a hydrogen and a little bit of helium and a little bit of everything else in the periodic table; a big gas giant plant. And there are really only two gas giants in the solar system. Uranus and Neptune are too dense to be entirely gas. They're not dense enough to be rock and so we call them the ice giants because oxygen, which of course combined with hydrogen, makes water, is a very abundant element and it's probably the main constituent of Uranus and Neptune.


So anyway, here we have this gas giant and as atmospheric scientists we or I and my friends want to understand the weather. And we know the basic weather processes on earth and so comparing what comes out of those processes in slightly different circumstances of course, it becomes a very interesting exercise.


One thing about the gas giants and all of the gaseous planets, Uranus and Neptune as well, is that they are extremely banded. Earth does not look like this. It doesn't have these cloud bands and that's part of the question.


Now compared with Jupiter, Saturn is also much more bland. It doesn't have as many large spots. And there are various theories for that. It seems to be a less active place than Jupiter perhaps because it's farther from the sun. But let's be careful here because the winds are actually stronger and I'll talk about that in a minute.


So this is - Slide 3 is a vertical profile through each of these planets. On the left axis you can see the altitude in kilometers. Remember Mount Everest, which is above more than half the earth's atmosphere, is only less than 10 kilometers high. So the vertical scale is pretty large. You can see that Saturn the various clouds of ammonia, this thing ammonium hydrogen sulfide, which is actually ammonia gas and hydrogen sulfide gas together and then the water cloud deeper down.


Saturn is more a distended atmosphere than Jupiter and that's just because Saturn's gravity is less. And that allows the atmosphere to sort of occupy greater vertical space. A lot of these cloud layers that you see for Saturn are inferred because we can't really see much below the top cloud, which is ammonia.


And even that is often obscured by a haze of organic molecules that form from methane gas CH4. CH4 is not listed as a cloud layer here because it is - it doesn't form clouds but it can be broken apart by sunlight and turned into organic molecules basically - sort of organic smog and we definitely think that Saturn is a smoggy planet.


Now I said something about the winds. Here is the winds of the four giant planets on the right - on the left hand axis, you'll see latitude and on the lower axis is the wind speed in meters per second. And it's important to remember if you are used to miles per hour that 100 meters per second is over 200 miles per hour.


And there is Saturn with a big question mark and I'll explain that. But at the equator, Saturn's equator seems to be going faster than 400 meters per second, which is almost 1000 miles per hour. And little wimpy Jupiter has smaller winds only somewhat greater than 100 meters per second.


The earth would look even wimpier on this same scale. Look at Neptune; wind speeds up to 400 meters per second going in the opposite direction at the equator. That's a puzzle. Neptune gets only 5% as much sunlight as Jupiter does. Saturn is somewhere in between and yet the wind is stronger as you go out into the solar system.


And if you think that's puzzling, you should think it's puzzling because the rest of us think so too. What may be happening however is that as you move out in the solar system, sunlight kicks up less small scale turbulence; tornados and convection storms and there's just less energy to drive that small scale turbulence in the atmosphere.


And without that turbulence, the large-scale winds, such as what you're seeing in this graph on Slide 4, are able to coast along with nothing to impede them. So it's a little paradoxical lower sunlight gives you stronger winds but it seems to be the case.


You can see I'm reviewing a lot of stuff. A lot of this data comes from Voyager and we'll definitely talk about the recent discoveries. But I want to do a sort of coherent review of some of the big questions that we've learned and that we still have about the giant planets atmospheres.


Okay. Let's stay on Slide 4 for one more minute. What's that question mark doing next to the word Saturn? The answer is to the right, lower right, Saturn's internal rotation rate is unknown. We measure the winds by tracking clouds in the atmosphere.


But then we have to subtract off the planets rotation if we're going to call it a wind. Obviously with earth everyone's moving around just if you're - just standing still on the surface of the earth you're actually spinning around at quite a high speed.


How high speed, 100 meters per second or more I'm not even sure how fast. No hundreds of meters per second you're spinning around just by standing on the earth. And so when you talk about the wind, you're talking about the speed of the air relative to that rotation.


So the problem with Saturn is we don't know its rotation rate. The other giant planet has magnetic fields that are tilted and as the planet rotates, the magnetic field wobbles like a wobbling top and the periodicity of that establishes the internal rotation rate of the planet. Saturn's magnetic field is straight up and down. It's not titled at all and it provides no information about the rotation rate.


Jeff told you - Jeff Cuzzi told you about near the end of the mission when we're go into this orbit that skims the atmosphere of the planet from North to South or maybe South to North but very close to the planet pole to pole orbit. That's out best hope of measuring any slight irregularity in the magnetic field, either a tilt or a lump or something. And if we can see any irregularities, we'll be able to measure the speed of rotation. And so that's our best hope of getting a reference frame with which to measure the winds.


From that orbit we're also going to get the gravity field of Saturn to exquisite position. And that the lumpiness, the internal structure of the gravity field, is also related to internal winds just because the winds inside the planet rearrange the masses inside the planet and the gravity reflects the mass distribution. So from the magnetic and gravity fields in those final orbits in the year 2017, we hope to learn a lot about the interior of Saturn and perhaps the rotation.


All right. Let's move on to Slide 5. Latitude now is along the horizontal access and look at the right hand axis that's temperature in degrees Kelvin; that's absolute temperature. And the interesting thing especially Jupiter and Saturn is how flat those curves are from one pole to the next.


The earth looks much more - it's warmer. Hey; it's warmer at the equator by 30, 40 degrees. And so the earth's effective temperature would look bent over drooping down at the poles. But the giant planets don't have that cold poles appearance in their temperatures and that's because their massive atmospheres are so effective in moving heat around that there just isn't any temperature difference left for you to see. And the temperature lumps and wiggles that you see in these curves are associated with the cloud band.


All right. Let's move on. Although Saturn is a very bland planet, Slide 6 shows one of these storms that every decade or 15 years or some kind of irregular frequency pops up. Saturn erupts for a while and then - with a big storm and then it goes away.


Exactly why Saturn has this very intermittent weather is not entirely - not at all understood. Obviously if you have a planet that's farther from the sun, you've got the energy to drive the weather. And you might say well two things - one of two things might happen or actually a combination of the two.


On the one hand, when you have less energy to drive the weather, you might have calmer weather. The weather might be more quiet and gentle. On the other hand, with less energy to drive the weather, you could have just as violent storms but they would be less frequent.


If the plant could somehow store up the energy that it was acquiring and then let it all loose in one big storm, that would also be consistent with there being less energy and that's apparently what Saturn does. There is less sunlight to drive the weather so it stores up its energy and has one of these violent storms every 10, 15 years. And that's telling us something. But we need more statistical data to see just the nature of these storms. We haven't seen very many of them yet.


All right. Slide 7 is a picture taken before the equinox. The sun was still shining on the Southern hemisphere. This is a mosaic. That's why it's all chopped up. It's actually several images all stacked together and the edges of the images don't all line up so that's why you get this strange edge effect.


But the spacecraft was in the equatorial plane and the rings are edge on. You can't even see them. Or well, they are that little black line right in the middle of the picture - a horizontal black line. You can see the ring's shadow on the planet. That's a very thick curving band to the North of the rings themselves. And you can see a very big difference between the Northern and Southern hemispheres.


The smog is covering - I mean the features are still there in the Southern hemisphere but there is this sort of hazy layer that's obscuring the features. The contrast is lower. Even though the sun is still shining in both hemispheres except where the ring's shadow is blocking it but above the rings shadow in the North the sun is shining.


But it's just the features - the cloud features are more visible in the North than they are in the South. And there's some kind of haze that seems to develop in the summertime when the sun is more intense sort of bearing straight down vertically than in the North or than in the winter hemisphere.


So there is seasonal change and we're eager to watch the seasons continue to change on Saturn. The sun is now cross the equator of Saturn and is now in the North. It's - we've passed the spring equinox in August of 2009 and so it's springtime in the Northern hemisphere of Saturn. And we're eager to see the smog develop. It's already - we've seen it starting to develop in the North.


Let's move on. One thing that several - we have instruments on board with quite a range of wavelengths they can cover and take images of the planet. This particular image in slide - well it's not numbered but it's entitled Cassini microwave radiometer. It's an image in radio waves. Actually they're using the communications dish on the spacecraft, which collects radio waves.


Most of them are messages from earth on telling the spacecraft what to do. But they could also use that same dish mounted on the spacecraft to pick up the thermal emission coming from Saturn itself. So use the - use it as a radiometer in the microwave range.


So it just so happens in these wavelengths these microwaves can peer through the clouds and the haze but they do see the gaseous ammonia and that's what you're seeing in this image. The bright places are where the gaseous ammonia is low in abundance and you're seeing through to deeper warmer levels.


And the equator what you're seeing - you're seeing a very anomalous region of warm emission, which means low ammonia within plus or minus ten degrees of the equator and then outside that there's more ammonia gas. Exactly why that is going to require some clever application of our weather models.


One way you understand something in atmospheric science is you take a weather model - a dynamic, fluid dynamic model and you reproduce what you've seen. That's of course the way you test weather forecast models on earth but it's also the way we evaluate our own understanding.


If we can successfully simulate what we've seen, we can then say well we've got a useful model. Now let's try and understand the model and at some point we will understand the atmosphere that it simulates. So we're learning about the anomalies near the equator of Saturn. This is also the place where the high winds are found.


Move on to Slide 9. And this is actually from the early part of the Cassini mission watching these little spots go around. They move at different speeds and they sometimes interact with each other.


Next Slide 10 shows a time sequence. Look across the image from left to right top row and then continue looking from left to right in the bottom row and you can see two spots merging with each other. In fact you can see several mergers going on.


We're a little - we understand the death of spots a little better than we understand their birth. This is an example of two spots turning into one spot. So you can call that death of one spot. But exactly where the two spots originally came from is a little harder to figure out. But we're working on that and I'll show you some of that.


It turns out some of these are lightening storms. Lightening has been sort of elusive in Slide 11. We can see these little spots. They apparently are giving off radio waves that look like the static from a lightening bolt.


They look sort of like if you planned on an - Cassini has basically a short wave radio receiver onboard and they sound when you play these little spark like bursts of the radio waves, they sound like lightening strike on an AM radio except short wave radio is a little shorter than AM.


But nonetheless, they - we can hear the lightening strikes. They're picked up by Cassini's radio receiver. We can't - it's been very hard to see the lightening strikes. The reason is that it never gets dark at night. This is a picture of - taken when the spacecraft was in the shadow of Saturn and the sun was behind the disk.


Little bit of refracted sun is peeking out at about the 7 o'clock position. You can see that little image of the sun. But mainly it was - this was a dark night and we were in the shadow of Saturn. But it wasn't dark night on Saturn. You can see plenty of light from the rings getting scattered into the dark - the nighttime hemisphere.


And so when we get close to the night side and take a picture of the night side, instead of pitch-black clouds un-illuminated by anything plus little dots of lightning, we see little puffy clouds illuminated by light from the rings and somewhere in that little field of puffy clouds you'll see a little lightening strike. But we can't distinguish the puffy clouds from the lightening strike.


And so it's been sort of frustrating. We have not been able to see the lightening strikes up until equinox. Now equinox is when the sun goes through the ring and actually the sun's not moving but in Saturn's orbit, the rotation axis is tilted with respect to its orbit axis and so there's a point in the orbit twice a year where the sun in the ring plane and then the rings are edge on and the rings are not as bright. And finally we're able to see the lightening.


But I'll show you some images. But first go to Slide 12. You can see this upper panel labeled electrostatic discharge intensity. The black is when the radio receiver was picking up these radio signals, the electrostatic discharges and there was an intense period in 2004 and another intense period in 2006 meaning there was a lightening storm going on in 2004 and another one in 2006 and no lightening storms in between.


And that's just another example of Saturn's apparently storing up its energy and the letting it all go at once. These are very powerful storms. They - the lightening strikes - the radio emissions from these discharges are greater than the radio emissions from thrasher lightening by orders of magnitude.


Moving on. What happens when Saturn suddenly starts up emitting these radio discharges is that we may - Cassini - the radio detector on Cassini hears them but we don't quite know where the storm is and the imaging system might be looking off in space or looking at some moon or some rings. We can't reprogram it to scan the planet or it takes weeks to reprogram the spacecraft or much more than weeks.


So what happens is the radio team sends out an alert saying there's a lightening storm just started up last night and the amateur astronomers, people working in their back yards all over the world point their cameras at Saturn and they will usually spot a new storm in Saturn's atmosphere.


So the - Anthony Wesley in Australia and Christopher Go in the Philippines are two of the most dedicated amateurs who are really helping us out spot these new storms in Saturn's atmosphere. It's very - it's a very nice collaboration between people who are just interested in the same subject coming from all walks of life to do it.


Slide 14 shows a sort of before and after picture. The upper picture shows Saturn with a little storm in the Southern hemisphere and then the lower one shows that without the storm. And it's a star like that that appears within a day simultaneously with the appearance of the radio discharge signal.


I think - and this is a complicated slide. Number 15 is complicated. I think I'm going to brush over it. What it shows is the - as Saturn rotates every day when the storm is on the side facing the Cassini spacecraft, that's when we get the radio signals. It's very consistent with a storm in - rotating with Saturn sending out the signals.


We can - sometimes Cassini can photograph the storm on the night side using the light from Saturn's rings to illuminate the storm. Slide 16 shows a image of one of these storms on the night side. The little white speckles are cosmic rays hitting the camera and should be disregarded.


Okay. Slide 17 shows a sort of a two-week history of one of these storms. And there's several little elements labeled A, B and C. And you should read time increases down in the left hand column and time continues increasing down in the right hand column.


And you can see A starts out as a little yellowish thing which in this mixture of filters says that it's high clouds and then it turns blue after a few days and becomes a hole in the clouds. And the hole in the clouds drifts off to the West as you can see. And then another thing; B pops up as the high clouds and turns into blue and so it goes.


Well, Slide 18 shows our final successful image of lightening. It's a little nine-panel figure. Shortly after equinox there's a cloud visible in the green - in the light from the rings but superimposed on the little cloud, which you see in every one of the images are occasional flashes of lightening in the cloud.


We can - with the - with this data we can do several things. We can certainly measure the light intensity and it's very bright compared to comparable to the brightest flashes called super bowls on earth. Very bright light. But we can also measure the spot size of the lightening flash. And it's wide, over 100 kilometers wide in diameter - each little spot.


And that means that the lightening is roughly that distance, 100 kilometers below the cloud tops. If the lightening were happening closer to the cloud tops, it would be a much smaller little pin prick of light but it's a broad diffused blob of light coming up from considerable depth.


And that depth is consistent with the actual lightening flash occurring in the water, not in the ammonia cloud, which is the top cloud. We're in the hydrogen sulfide cloud, but down deep in the water cloud. There's a considerable uncertainty in that because the width depends on the scattering properties of cloud but definitely appears that the lightening flashes are deep.


And for all we know, the mechanism could be rather similar to (last certification) of clouds on earth where you have a mixture of super cool liquid water droplets on updrafts meeting heavier larger hail particles, ice particles falling through the updrafts and the collisions separate out the electrical charge and then charge builds up and you get the giant discharge and that's the lightening. So lightening is going to tell us perhaps about the water on Saturn which is an interesting subject.


All right. We were able to match the lightening flashes in that time series of images with the electrostatic discharges detected by the radio waves and we - for your listening and viewing pleasure, we've put together a little movie. This is Slide 20.


This is kind of a fake movie because you can't really hear - I've been using the word hear the discharges. The radio waves are actually beyond the range of the human ear. But nonetheless we superimposed the visible light images of the lightening with the signal that was detected by the radio receiver.


And since it was beyond human ear, we had to invent a noise that the human ear can hear. So we borrowed a spark like noise so let's play this little movie. And that's supposedly an electrical spark. And that was a 15-minute movie in real time - not in real time but compressed down to a few seconds. All right. So that's our little fun thing. But the serious science is detecting evidence of the water cloud.


Okay. I'd like to change subjects, change gears here. Slide 21 talked about lightening storms. Now let's talk about polar storms and we'll start with the South Pole. These are infrared images taken from earth by Glenn Orton and his group.


And you can see right at the South Pole there's a hot spot. It's probably not - well, it's probably two things. It's Number 1, genuinely hotter air; and Number 2, it's a hole in the clouds that allows you to see down to deeper levels where it's hot.


So what we're seeing is a little hole in the clouds which is also warm and except that it's locked to the South Pole. It has many features in common with a terrestrial hurricane. Let me elaborate on that a little bit.


Ah. I beg your pardon. This is a simulation. So I - we'll talk about hurricanes in just one minute. So you've not got a green screen in front of you with a lot of blue and red dots on it. And this is a simulation. Many people have done this. Dr. Sayanagi did this particular one. But it's something that you can do it with your fluid dynamics models.


On a rotating planet you put little vortices, some spinning clockwise, some spinning counterclockwise randomly arranged and you just let the fluid dynamics do what it wants to do with this mixture of clockwise and counterclockwise spinning vortices.


And so let's play the movie. Remember this is all happening on a rotating planet. The vortices merge with each other into a banded pattern. And it appears that the bands on the giant planet are the result of this small scale merging of vortices. The vortices themselves may be arising from convection or we're not quite sure where they come from.


But bands are almost the inevitable result. This has been known for 34 years. When you let a fluid on a think surface on a rotating planet, when you've just let it rip as we did in this movie. Okay.


Let's move to Slide 23. And that is - you can see an image - this is actually done by (masking) some images so that it appears that you are directly overhead of the South Pole. And you can see the latitude and longitude lines on this image and you can see the inner eyewall and outer eyewall.


The inner eyewall is at - well, it's not quite a circle. But it's approximately at latitude 89 degrees South latitude. And then the outer eyewall is about 88 degrees South latitude. That means that the diameter of the inner eyewall is about 2000 kilometers.


And it's - this is the hot spot that we were looking at in the infrared image from earth. And there's several interesting things about these eyewall clouds. You're looking at clouds and here on Slide 24 is sort of an oblique view without any vertical exaggeration.


The sun is sort of up in the upper right of the image, some nights coming in at a slant angle and you can just see the clouds of the eyewall casting shadows some night when they were coming in from the upper right.


And from the shadows and from the known geometry of the sun, we can estimate how high the clouds are. And that they're - and it's really quite high. Here is staring down at the diameter - this is Slide 25 shows you the center of the eye.


It's got little convective elements inside it. And they move and dance around. The outer perimeter of this, as I say, we can measure its height form the shadows. So here Slide 26 is the sun is now direct - coming in from the top and you can see very prominent shadow of each of the two eyewalls.


And I'm going to show you a three-hour movie. And the sun because there's a sun in the hemisphere, the sun is going to move around counterclockwise from about the 12 o'clock position to the 9 o'clock position.


Meanwhile the clouds which are the bright spots are going to move the opposite way because this is a cyclone, a Southern hemisphere hurricane like structure which - the Southern hemisphere of full wrath of the hurricane is clockwise. So it's like a hurricane in that respect. But you'll see the shadows move around in a counterclockwise direction.


So here it goes. Play the movie. And then it snaps back. And play it again as I try to figure it out. And I've got a - let's move on out two slides to Slide 28 and I'll show you want you just saw. The arrow on Slide 28 is the direction the sun's coming in and you can see how the shadows have moved around with the sun.


Slide 27 shows you the wind speeds around that vortex and the upper half of this figure shows that the winds get up to 150 meters per second which is over 300 miles an hour, which is a lot that's maybe three times hurricane force. So this is a very powerful structure.


From the shadows we can estimate how high the clouds are relative to the clouds on the inside of the ring. Slide 29 shows that. You'll see the inner wall. The cloud tops get almost 80 kilometers above the clouds on the inside of the ring.


The eye of a hurricane towers maybe 15 kilometers above the surface of the earth. So these are much higher ring of clouds than a terrestrial hurricane. The only thing that makes this very different from a hurricane - well two things different from a hurricane is 1, the - this structure is attached to the South Pole. And Number 2, there's no ocean underneath to keep it going.


There's probably a moist atmosphere - a warm moist atmosphere underneath, this water vapor. And that could be the source of energy for this structure. But it's certainly got some major differences from a thrasher. And also major similarities. And of course that's how we learn things by studying the differences and similarities.


Okay. Slide 30. The right hand side shows the temperature anomaly meaning difference from the average and the red color on the right side of the slide shows that it is indeed warmer air; warmer by about four or five degrees Kelvin or Celsius than the surroundings.


All right. Enough of the Southern hemisphere. Talk about the Northern hemisphere. Now we're at - it's not numbered but it's the slide after Slide 30, Slide 31, Northern jet stream.


And you can see these series of jet streams at different - each one with its own characteristic and latitude that we get from tracking clouds. And this one in the red circle is at 75 degrees North latitude. And you can see it gets up to 100 meters per second relative to something - the something is a little uncertain because we don't know the rotation rate of Saturn - Saturn's interior.


But the interesting thing about this jet stream at 75 degrees latitude is that it doesn't just track at constant latitude. It has - forms a fixed load wave and if you'll look at the next slide, Slide 32, you can see that a fixed load wave is the hexagon. Hey.


So this is the Northern hemisphere hexagon in infrared light. The VIMS, near infrared spectrometer team saw the hexagon. They rediscovered it. Voyager saw it in 1980 and then the VIMS team saw it while the Northern hemisphere was still in darkness. They have an infrared instrument so they can see in the dark.


And there it was almost 30 years after Voyager discovered it. Hexagon is still going strong at 75 degrees North latitude. The pattern, the hexagonal pattern is - rotates more slowly than the little clouds that define that jet stream that I just showed you.


The little clouds are moving in a clock - in a counterclockwise direction relative to the hexagonal pattern and I've a three step moving that maybe shows that. Slide 33. Just play that one. It plays automatically. Yeah. I hope it - I hope you can see it.


Stare at the top corner and you'll see that the hexagonal pattern is not rotating but that their clouds are moving around it in a counterclockwise direction. The center of this image is missing because it was taken when the North Pole was still in darkness just before equinox.


All right. Why a wavy pattern should be so stable for 30 years and why only at that latitude. Why shouldn't - I mean if it's such a stable pattern, why don't other latitudes form hexagons? Well, we're working on that one. There's some similarities actually between this wavy - permanent wavy pattern and the meandering pattern of the Gulf Stream in the ocean. And we ought to learn something from both of them.


Now Slide 34 shows a simulation or an attempt so simulate the hexagonal pattern. So click on the blue band and you'll see what happens here. You start off with just a jet going in a circular direction and it breaks up into a hexagonal pattern, which is stable.


And the little purple things that are traveling with the patter are opposite rotating vortices. They are each a little purple thing is rotating clockwise where as the jet itself is going around counterclockwise. And that's a well known phenomenon called a vortex street, well known almost 100 years of fluid dynamics have known about stable vortex streets.


The trouble is, if you'll move on - oh, and we can - people have simulated this in the laboratory as well. Stable vortex street. The trouble is move on - well, I guess I don't have a very good image. But we can't see the counter rotating vortices.


When we look at Saturn the - for instance, if you're looking at the simulation, Slide 34, there - at the edge of the vortex there should be a counter rotating vortex just outside the hexagon. And there isn't any. We haven't been able to see it. So what's still puzzling is this a vortex street or not?


Let's move on to Slide 37, which is also a movie. And if you click on it, you'll see the hexagon go by and then the camera, which is the actual VIMS instrument, will scan down and you'll see the equator finally come by. The equator is right at the end of the movie.


And you see how different the equator looks. It's just the clouds are somehow different at the equator of Saturn. And of course in the North, there's that hexagon going in this movie on Slide 37.


All right. I think we should move on here. Slide 38. There's been a very successful collaboration between earth based observers, in this case Orton and his team who have been observing Saturn for a decade and measuring the temperature difference between the equator and the adjacent latitudes North and South.


And what you can see is in September '97 the equator was colder than 13 degrees South latitude; 13 degrees South latitude is that sort of yellowish band and the equator is the darker reddish band; and then you should disregard the rings because they're not atmosphere at all.


But then in May 2006 the equator is the lighted colored and this is infrared and the 13-degree South is a darker thing. So the contrast between the two has flipped.


And this is reminiscent of a process that goes on (on here) called - except on Saturn it takes almost ten years to flip, maybe eight years exactly. Whereas on earth it takes one year to flip and then one year to flip back so it's called the quasi-biennial oscillation, two year cycle. On Saturn it seems to be a 15-year cycle.


Here's a - Slide 39 shows Orton's tracking it over the years and you can see this temperature difference between the equator and the adjacent latitude has gone through really two cycles. So it's - and the period is about 15 years.


Well, accompanying this on earth - accompanying this cyclical nature of temperatures is a reversal of the stratospheric winds. And Slides 40 and 41 - let's go to 41 - shows Cassini measurements of the wind. And what you see there is red is a Eastward wind and blue is a Westward wind and they're sort of stacked up alternating.


The vertical scale is altitude or actually pressure. So 100 hecto pascals is 100 millibars or a tenth of the (unintelligible) level pressure. And so this alternation of the wind looks exactly like the quasi-biennial oscillation in the earth's equatorial stratosphere, which is shown in Slide 42.


The blue is to the West and the red is to the East and the - you can see the pattern moves downwards as time moves on. And on Slide 43 the same thing's happening on earth - on Saturn and has been observed by Cassini.


Now this is a rather technical issue that I'm showing to you. It's the end of my talk. But the point is we are learning about things we are familiar with on earth but in a different context and the numbers come out differently on a different planet. And this helps us to understand about it.


Last topic is the aurora. This is a earth based image in ultraviolet - I think it's Hubble telescope. Ultraviolet, you can see the aurora. And with Cassini we can see the aurora in - from close up and Slide 45 is an aurora movie taken by the invisible imager, the camera and it lasts for 80 hours.


You click on it; you'll see the planet rotating and the little sort of orange flickers, that's the aurora. And it flashes and dances and about now it's going to have a big brightening which we call the snake. There was the snake just went by at least in my version.


And you can see the aurora going over behind the edge of the planet and rotating around to the other side. The aurora is light emitted by the atmosphere due to the impact of charged particles from outside the atmosphere.


They come in. They're electrically charted. They follow the magnetic field lines. They originate far outside the planet. And exactly where they originate is always a mystery. On earth they're mostly coming from the solar wind and are mostly hydrogen.


It appears that on Saturn the aurora - the charged particles are water group ion, charged oxygen and charged hydrogen and they're coming from the moons of Saturn.


And I think it's time to quit. So I'm going to quit. I hope I can answer any questions you have in the one minute remaining.

(Jane):
Thank you Andy. That was really, really great and I don't think they disconnect us at 1 o'clock but that's kind of the time allotment. Does anybody have any questions? No.

Janet Howard:
Yes I do. Janet Howard, Solar System Ambassador.

(Jane):
Great.

Janet Howard:
Can you hear me?

Andy Ingersoll:
Yeah.

(Jane):
Yes.

Janet Howard:
Okay. Dr. Ingersoll, it's my understanding you still don't - no. Did I understand you correctly that you still - the scientists still do not know what has formed that hexagon shape. Is that correct?

Andy Ingersoll:
It's some kind of a wave that spontaneously develops and the emphasis is on the word spontaneously. If you have a anonymously moving air - a jet in other words in a atmosphere, if it's moving fast enough, it will develop a wave spontaneously. So we don't really need anything to form it. It forms itself.

Janet Howard:
That's so weird.

(Jane):
Any other questions? Thanks for the great question. Well, barring any other questions, thank you Andy. Boy we went right up to the 1 o'clock hour. Each of our talks were just about one hour. And they were both fascinating. And we - now we look forward to our extended mission for more exciting news about Saturn and its wonderful rings and surface. Okay. Well thanks a lot everyone for calling in.

Woman:
Thank you.

(Jane):
And thank you Andy.

Andy Ingersoll:
You're welcome.

Man:
Thank you everyone.

(Jane):
Okay. Thank you everybody. Goodbye.

END

