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Gravity Waves

Presenter Notes
Presentation Notes
Gravity waves, not to be confused with the gravitational waves proposed by Einstein, are waves, similar to oceanic surface waves, that propagate internal to a medium.




Gravity Waves

Presenter Notes
Presentation Notes
When a substance such as air or water becomes stably stratified, energy can propagate as waves along the boundary between two layers, much the same way that waves can propagate along the boundary between air and water.



Gravity Waves

Presenter Notes
Presentation Notes
These waves are very common in the Earth’s atmosphere; this image shows waves being generated by the mountain topography, but other common wave sources include convection and wind shear. However, unlike water surface waves, these waves aren’t usually visible, so in order to detect them, we need to take atmospheric measurements.



Radiosonde Data

Graw DFM-17 
RadiosondeStyrofoam Housing

Sensor Array

Presenter Notes
Presentation Notes
The instruments that we use are called “radiosondes,” which are popular among atmospheric scientists because they are accurate, yet small and portable. The radiosondes that we use, GRAW DFM-17 radiosondes, consist of a sensor array at the end of a metal arm connected to GPS and a radio transmitter encased in protective Styrofoam housing.



Radiosonde Data

30 meters

Presenter Notes
Presentation Notes
The radiosondes are then connected to an unwinder, parachute, …



Radiosonde Data

Presenter Notes
Presentation Notes
… and weather balloon.



Radiosonde Data



Radiosonde Data

Presenter Notes
Presentation Notes
When launched, the radiosonde rises up through the atmosphere underneath the balloon. However, when it encounters a gravity wave, it is affected in much the same way that a piece of driftwood might be affected by ocean waves. This allows us to see gravity waves in our data by examining wind speed. When our radiosonde passes through a wave like the one above, …



Radiosonde Data

Presenter Notes
Presentation Notes
… we can see it in our wind speed data as an ellipse. However, finding waves isn’t quite that easy.



Radiosonde Data

Presenter Notes
Presentation Notes
When we actually look at our raw wind speed data, it looks messy, and it’s hard to immediately identify the presence of waves. In order to do so, we have two main methods.



Hodograph Method

Presenter Notes
Presentation Notes
The first method, called the hodograph method, involves searching the data (sometimes manually, sometimes with the help of various algorithms) for shapes that appear ellipse-compatible. Then, a best fit ellipse is found for the data points using the least squares method. That ellipse is then analyzed to determine characteristics of the wave, such as the wavelength and phase speed.



WAVELET METHOD

Presenter Notes
Presentation Notes
The other method, which I worked on this summer, is the wavelet method.



Wavelet Transform

𝜓𝜓0 𝜂𝜂 = 𝜋𝜋−1/4 𝑒𝑒𝑖𝑖 𝜔𝜔0 𝜂𝜂 𝑒𝑒−𝜂𝜂2/2

𝑊𝑊𝑛𝑛 𝑠𝑠 = �
𝑘𝑘=0

𝑁𝑁−1

𝑥𝑥𝑘𝑘 𝜓𝜓∗ (𝑘𝑘−𝑛𝑛)Δ𝑡𝑡
𝑠𝑠

For a time series 𝑥𝑥𝑛𝑛 with step Δ𝑡𝑡 and length 𝑁𝑁,

Presenter Notes
Presentation Notes
The first step in this process, after we remove background winds via a rolling mean, is to wavelet transform the data. A wavelet is simply a wave that, unlike a sine or cosine, is localized in time. There are many wavelets, however, we chose the Morlet wavelet because of its resemblance to a gravity wave. As you can see from the equation on the right, the Morlet wavelet is simply a sinusoid with amplitude modulated by a gaussian function, which means it has a great physical resemblance to the gravity waves that we’re searching for. To perform the actual transformation, we pick a number of scales “s” and perform a convolution of the wavelet across our data set. You can see from the lower equation onscreen that this involves, for every time “n,” scaling the wavelet by “s,” shifting it to be centered at “n,” and summing the product of our time series with the scaled and shifted wavelet. The result is, for every time and scale, an output that measures the similarity of our time series data with the  Morlet wavelet






Wavelet Transform
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Presenter Notes
Presentation Notes
Here, you can see the wavelet transform in action. Notice that the wavelet scale keeps changing, and for each scale, we iterate across our data, at each step computing the sum of the product. Note that the equation is written here as an integral, but for a discrete series like our radiosonde data, we evaluate the integral as a sum. The result of this process is a surface, shown on the right, with both a time axis and a scale axis, that has heights corresponding to the similarity of our data series with the wavelet. When we apply this technique to our radiosonde data, …



Power Surface
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Presenter Notes
Presentation Notes
… we can create what’s known as a power surface by summing the squared magnitudes of the wavelet transformed zonal and meridional wind speeds. Once we’ve done so, potential waves in our data appear as local maxima in this power surface. A quick note is that via the equation on the bottom, we can find the equivalent Fourier wavelength for each scale that we transformed the wavelet by, and thus can plot our power surface against altitude and the vertical wavelength of the potential gravity waves. This is important, and represents an improvement over the hodograph method, because we can separate waves (such as the three highlighted on the plot) that are close together in altitude, but far apart in their vertical wavelength. It is worth noting, however, that we still have no way to separate waves that are potentially similar in both altitude and vertical wavelength.



Power Surface

Presenter Notes
Presentation Notes
Once we have the power surface, we can choose a region surrounding each local maximum (using one of several methods), and invert the wavelet transformation within that region.



Time Series Reconstruction
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Presenter Notes
Presentation Notes
In order to invert the wavelet transformation, we simply divide our wavelet transformed surfaces by the square root of the scale (for each scale), then sum across all of the scales within the outlined region, and finally multiply by the constants in front of the summation symbol to retrieve our time series (in the vertical wavelength range of the outlined region). You can see by the elliptical shapes of our reconstructed time series shown below the power surfaces that we have indeed found a gravity wave in our data.



Half Max Power Filtering

Presenter Notes
Presentation Notes
Before we get wave characteristics from our reconstructed time series, there is one more step, a filter. We construct the wind variance by summing the squares of the magnitudes of, -- not the wavelet transformed winds this time, but -- the reconstructed wind time series. We then remove all of the data below half of the maximum variance, which has the effect (as you can see here) of removing noise, centering the data around the strongest wave resemblance, and hopefully reducing the captured data to around one period for maximum clarity.



Stokes Parameters
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Presenter Notes
Presentation Notes
Finally, we can find the wave characteristics from the reconstructed and filtered time series via the Stokes parameters. The Stokes parameters refer to a collection of equations that come from solving the partial differential equations for the fluid mechanics of a stably stratified, incompressible fluid. Applying this collection of equations, we can calculate, for example, the intrinsic horizontal phase speed of the wave, starting from the time series.



Example Output

Presenter Notes
Presentation Notes
The result is that for each radiosonde flight, we can create a file showing each wave detected, and all of its calculated characteristics. These files can be used for further analysis, such as determining the source of the waves or looking for changes in waves across multiple radiosonde flights.



UM BOREALIS SUMMER FLIGHTS

Presenter Notes
Presentation Notes
This plot shows all of the waves measured during successful radiosonde flights conducted by UM BOREALIS during the summer of 2020. Each wave is pointing in the direction of propagation and is scaled according to its intrinsic group velocity.






UM BOREALIS SUMMER FLIGHTS

Presenter Notes
Presentation Notes
However, more pertinent to our plans to observe gravity waves before, during, and after a complete solar eclipse, is our ability to track the same waves across multiple radiosonde flights. In this graphic, each wave is pointed in the direction of horizontal propagation (north being up), and scaled by the intrinsic horizontal group velocity. Aside from the wave on the lower left, which our second flight didn’t detect (possibly due to noise in the data) we are able to track the changes in waves in the half hour in between detection; for example, the highest wave changed direction slightly, but increased in intrinsic horizontal group velocity in between our two flights.



Future Research

◦ Total solar eclipse 2020 ballooning campaign

◦ Investigate choice of wavelet scales

◦ Improve wave outlining algorithm

◦ Improved automated wave validity checks

◦ Statistical significance testing

◦ Test other methods for background removal

◦ Graphical User Interface

Presenter Notes
Presentation Notes
As I mentioned earlier, there’s so much more to be done on this project! Out of the many things I’d like to work on, a few of the most pressing are:
Looking into the choice of scales during the wavelet transform. In theory, this should have minimal impact on results, so long as the range of the scales covers all of the waves. However, I found that changing the scales significantly impacted results, so future investigation is needed.
As I mentioned earlier, neither of our wave outlining algorithms are perfect, and finding a new algorithm with the consistency of the rectangle method but the power of the contour method would be a significant help.
I also want to improve the filtering that we do once we have calculated the wave characteristics to decide whether or not a wave is physically valid.
I would like to introduce statistical significance testing and error/uncertainty analysis into our method.
I would like to test other methods, such as 2-3 degree polynomial fits, for removing the background winds from our data before we do the transformation.
And, I would like to update the current command line user interface into a graphical one for better ease of use.



Sources

◦ Jacques Descloitres, MODIS Rapid Response Team, NASA/GSFC 
https://visibleearth.nasa.gov/images/69463/atmospheric-gravity-waves-and-internal-waves-off-Australia

◦ https://www.eol.ucar.edu/deepwave/eo

◦ https://uwaterloo.ca/applied-mathematics/current-undergraduates/continuum-and-fluid-mechanics-
students/amath-463-students/internal-gravity-waves

◦ https://svg-clipart.com/black/xmm2Yhp-parachute-clipart

◦ https://svg-clipart.com/outline/5svSFQH-new-outline-balloon-clipart

◦ https://upload.wikimedia.org/wikipedia/commons/9/95/Continuous_wavelet_transform.gif

◦ Torrence, C., and G. P. Compo, 1998: A Practical Guide to Wavelet Analysis. Bull. Amer. Meteor. Soc., 79, 61–
78, https://doi.org/10.1175/1520-0477(1998)079<0061:APGTWA>2.0.CO;2.

Presenter Notes
Presentation Notes
Thank you, and here are a list of my sources for this presentation. Are there any questions?

https://visibleearth.nasa.gov/images/69463/atmospheric-gravity-waves-and-internal-waves-off-Australia
https://www.eol.ucar.edu/deepwave/eo
https://uwaterloo.ca/applied-mathematics/current-undergraduates/continuum-and-fluid-mechanics-students/amath-463-students/internal-gravity-waves
https://svg-clipart.com/black/xmm2Yhp-parachute-clipart
https://svg-clipart.com/outline/5svSFQH-new-outline-balloon-clipart
https://upload.wikimedia.org/wikipedia/commons/9/95/Continuous_wavelet_transform.gif
https://doi.org/10.1175/1520-0477(1998)079%3C0061:APGTWA%3E2.0.CO;2
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