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13.5 years of Gravity Waves over Antarctica derived using Interleaved 
Data Processing Methods: Baselines and Variations

Second-order parameters like power spectra 
and variance inherently contain a bias caused 
by noise in the photon detection process.

Gardner and Chu (2020) developed the 
interleaved method for removing variance bias 
by instead using the covariance of two samples. 

Interleaving turns a single sample into two, 
same-volume samples with no shared noise. 

Uncorrelated terms drop upon averaging, 
eliminating biases. Jandreau and Chu (2022) 
explored this method further.

Observations of 
atmospheric gravity waves 
(GW) have been made at 
McMurdo (McM) Station, 
Antarctica since 2010. 
Lidar’s high-resolution 
allows observation of the 
entire GW spectrum.
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Traditional Photon Binning
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Interleaved Photon Binning
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Anatomy of Interleaved Spectral terms:

𝐶𝑃𝑆𝐷 = 𝐶𝑃𝑆𝐷𝑖𝑛𝑠𝑡 = 𝐶𝑜 + ∆𝐶𝑜 + 𝑖 𝑄 + ∆𝑄

𝐶𝑃𝑆𝐷 = 𝐶𝑜 + ∆𝐶𝑜 2 + 𝑄 + ∆𝑄 2 =

𝐶𝑜2 + 𝑄2 + 2𝐶𝑜∆𝐶𝑜 + 2𝑄∆𝑄 + ∆𝐶𝑜 2 + ∆𝑄 2

𝐶𝑜−𝑃𝑆𝐷 = 𝑅𝑒 𝐶𝑃𝑆𝐷 = 𝐶𝑜 + ∆𝐶𝑜

Gardner and Chu (2020) suggest using the interleaved method for 
deriving power spectra that inherently have no noise floor. They 
provide the following equation: 𝐹𝑇′(𝜔) ≃ 𝐷𝐹𝑇𝜔(𝑇𝐴

′)𝐷𝐹𝑇𝜔
∗ (𝑇𝐵

′ )

This approach of taking the absolute magnitude of the Cross-
power Spectral Density, 𝐶𝑃𝑆𝐷 , reflects the calculation of 𝑃𝑆𝐷 =
𝐷𝐹𝑇 2. Alternatively, one can use Co-PSD, the real part of CPSD: 

𝐶𝑜−𝑃𝑆𝐷 = 𝑅𝑒 𝐶𝑃𝑆𝐷 , as seen below:

Spectral InterleavingApplication to Data

Li et al. (2020) found correlation between 2011-
2019 gravity wave energy over McMurdo, the 
southern polar vortex width, and the equatorial 
Quasibiennial Oscillation (QBO) phase. 

• Easterly QBO phases corresponded to higher 
wintertime GW energy from 30-50 km

• No relation to the El Nino Southern Oscillation 
(ENSO) was found, though 2011-19 is only ~1.5 
ENSO cycles

This investigation revealed new discoveries: 
• The QBO phase modulates the polar vortex 

width (see figure on right)
• Vortex & PNJ move equatorially during 

easterly QBO phase (see figure on right)
• QBO modulates wave filtering, governing 

gravity wave energy vertical propagation
Remaining work:
• Find confident ENSO correlations (use more 

data)
• Determine mechanism linking QBO & Vortex
Additional lidar data from 2020 and 2022-2024 
and the Epm derived via the Interleaved method 
allow the extension of this study, possibly 
revealing new correlations, see below:

Alt/
Season 30-40 km 40-50 km 50-60 km 60-70 km

Summer
-1.82 ± 

0.06
-1.07 ± 

0.17

Spr/Fall
-1.51 ± 

0.03
-1.70 ± 

0.04
-1.95 ± 

0.12
-2.32 ± 

0.5

Winter
-1.47 ± 

0.02
-1.43 ± 

0.03
-1.44 ± 

0.01
-1.39 ± 

0.01

 These temporal spectra reflect 
those previously derived from 
McMurdo, showing a slight increase in 
𝜔∗ with altitude. Slopes of the linear 
regions are approximately -5/3 as 
predicted by linear saturation theory 
but show a slight steepening with 
altitude. Higher altitudes also have 
more noise, so additional work is 
needed to confirm this effect is real.

𝛚-𝐒𝐩𝐞𝐜𝐭𝐫𝐚 𝐬𝐥𝐨𝐩𝐞𝐬

Season \ Altitude 30-50 km 50-70 km

Summer -2.33* ± 0.16

Spr/Fall -2.58 ± 0.03

Winter -2.97 ± 0.03 -3.75 ± 0.07

m-𝐒𝐩𝐞𝐜𝐭𝐫𝐚 𝐬𝐥𝐨𝐩𝐞𝐬

 The vertical wavenumber spectra 
show the expected -3 slope in the 
linear region and show no obvious 
𝒎∗ trend. These will be compared with 
the magnitudes predicted by theory. 
Plotted atop these averages is the 
uncorrected average, to demonstrate 
the effect of the spectral interleaved 
method at removing the noise floor.

GW play a key role in upper atmo. energy budget:
•Major method of vertical energy transportation
• Primary driver for mesospheric zonal flow
• Impact the ionospheric by driving TIDs

Unique properties of GW observed by McMurdo lidar:
• Persistent, present in every observation
•Different properties in middle vs. upper atmosphere
• Extend into the thermosphere, visible in Na-layers

New developments in GW research require a full analysis of 
their behavior in the McMurdo data:
•New techniques improve observation accuracy
• Secondary waves and multistep vertical coupling
• Contribution of unbroken waves to atmo. mixing

Interleaved Methods:

• The interleaved method has increased the range of altitudes and 
extent of low-SNR in which GWs can be reliably analyzed

• There are other applications as well, such as determining a more 
accurate ratio of upwards/downwards waves

• Spatial interleaving can be done with satellite imagers, like 
Atmospheric Wave Experiment (AWE) airglow observations

Energy:
• Larger scale heights in 50-70 km winter GW Epm imply stronger 

dissipative processes or wave breaking in this region
• While MLT Epm is preliminary, interleaved Epm shows a new picture 

of stratosphere/mesosphere to MLT wave growth
Spectra
• Using new methods, spectra are observed which match theory and 

past observations. Comparison with magnitudes will be conducted
• Seasonal trends in slope are observed for the first time which will 

be further analyzed for mechanism and validity
Interannual Variations
• Possible ENSO correlations are observed in new data, further study 

is needed. Months of lost data makes this comparison difficult

Above: Lidar data noise-variance bias (top) and modeled noise floor
Below: Epm derived without removing noise-variance bias (Lu et al. 2015)

Above: Epm and Vortex position correlations with QBO phase (Li et al. 2020) Below: MERRA-2 analysis of polar night jet (PNJ) and zonal wind vs. QBO phase (Li et al. 2020)

Data missed 
due to 1st 

Science Pause

2nd 
Science 
Pause While summer and  winter are 

relatively similar from month to month 
(November as the main difference), 
Spring/Fall show clear differences 
between March and April in magnitude 
and scale height.

 Side-by-side, the Epm seasonal 
difference is clear as well. The 
adiabatic growth rate is plotted as a 
solid line, showing the difference in 
dissipation of each season. 
Additionally, the lower half of the 
winter Epm shows a different scale 
height than the top (~11.5 vs ~24 km), 
implying some change in dissipation.

→ While MLT Epm is preliminary, these 
new winter results show a more 
continuous growth between regions.

The collection of 4 years of additional data 
since Li et al. (2020) has enabled the 
extension of the study. As in the plots above, 
it is clear that 2012 and 2015’s high Epm 
corresponds to the easterly QBO (QBOe). 
2018 is also QBOe, but is undersampled in 
June, making it difficult to determine.

While not higher than 2012, 2015, or 2018, 
2023 has many high Epm samples but these 
are balanced by many low samples. The 
entire year of 2023 was not sampled either, 
making it difficult to compare its fitting.

ENSO Correlation?
• All high Epm winters occur in positive ENSO

• The strong 2023 and possibly strong 
2024 also are during positive ENSO

Unfortunately, all McMurdo science was 
stopped in 2020 until late-2022 and from Oct 
2023-Feb 2024, making these years difficult 
to assess.
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Above: Arrival Heights lidar facility showing the Na Doppler beam
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