
Coupling from the Atmosphere 
to Geospace in Antarctica

Xinzhao Chu
University of Colorado Boulder

CEDAR Prize Lecture 2019
June 18, 2019 @ Santa Fe

Credit: Danny Hampton, Ian Geraghty, and Zimu Li



2

McMurdo Fe Lidar Observations Since Dec. 2010

Fe Boltzmann Temperature Lidar

Photo Credit: B. Roberts

Lidar beams @ 
Arrival Heights

Photo Credit: Zhibin Yu

McMurdo lidar projects supported by NSF grants OPP-0839091, 1246405, and 1443726

Collaboration between USAP and AntNZ

Arrival Heights

Photo Credit: Zhibin Yu

Aurora on 
28 May 2011 



STAR Na Doppler Lidar Added in Jan 2018

McMurdo lidar projects supported by NSF grants OPP-0839091, 1246405, and 1443726

By making high-precision laser spectroscopy in space, the neutral temperature, line of 
sight wind, and Na density are measured simultaneously via detecting the 

Doppler broadening and bulk Doppler shift of Na D2 absorption line.

Credit: Danny Hampton, Ian Geraghty, and Zimu Li



Simultaneous & Common-Volume Observations with 
Na Doppler and Fe Boltzmann Lidars at McMurdo
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Na Doppler lidar beam & 
telescope since Jan 2018

Fe Boltzmann lidar beams & 
telescopes since Dec 2010

Arrival Heights Lidar Observatory on Ross Island, Antarctica 
Shooting laser beams at 589, 374 and 372 nm to probe Na and Fe metals, 

& profile temperatures, vertical winds, and various waves, etc.

Live Volcano
Mt. Erebus
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Lidar Discovery of Aurora Effect on Fast Amplitude 
Growth of Temperature Tides in the Thermosphere 
(Uniqueness of McMurdo: By the Edge of Polar Cap)

!

from the momentum equations in the CTIPe model. The results are shown in Figures 3j–3l and Figure 4. Once
the Hall ion drag is removed, the patterns of the induced diurnal tidal amplitudes (Figures 3j–3l) become very
small compared with the real-time run (Figures 3g–3i), demonstrating that the adiabatic effects driven by
Joule heating alone tend to cancel the Joule heating effects. This test also indicates that it is the adiabatic
effects of the Hall ion drag that dominate the diurnal tidal forcing in Figures 3g–3i, which would explain the
fact that the maximum amplitudes (Figures 3g–3i) occur at higher latitudes than the Joule heating effects
(Figures 3a–3c). Taking McMurdo as an example, the induced diurnal amplitudes between 100 and 116 km
are significantly reduced by ~80% at 116 km and ~85% at 106 kmwhen compared with the real-time run case
(Figure 4a). The horizontal winds in the case of the Hall-drag-off run are smaller than those of the real-time
run (not shown), and the wind vector differences between the two runs show divergent and convergent
patterns as illustrated in Figure 4b, instead of rotational patterns typical for Pedersen drag. Since Hall drag
is in the direction of the electric field, the divergent and convergent patterns of the horizontal wind
difference indicate the Hall drag dominance over Pedersen drag in the lower thermosphere below 120 km.
The Hall drag tends to be offset by a counteracting horizontal pressure gradient force, so that it tends
to produce increased pressure where the electric field is convergent and decreased pressure where the
field is divergent. The convergence and divergence of the electric field maximize around the poleward
edge of the auroral oval, near the polar cap boundary. Below 120 km, the amplitude of relative pressure
perturbation grows with height, implying a diurnal variation of the scale height and temperature. Therefore,
Hall drag tends to produce a diurnal temperature tide that maximizes around the polar cap boundary instead of
at the center of the auroral zone, where Joule heating maximizes.

The simulation results also demonstrate the Kp dependence of the induced diurnal tidal amplitudes as well as
the individual terms of adiabatic, Joule, and particle heating. Because the ion drag forcing is larger under more
disturbed conditions due to the increased conductivities and electric field, and the Hall-ion-drag-induced
adiabatic effect is the dominant source of diurnal tides as shown above, the aurora-enhanced ion drag induces
stronger vertical motion, thus stronger adiabatic heating/cooling at larger Kp. Again, since the magnetospheric
sources vary with magnetic local time, ion-drag-induced adiabatic effects have projections on the diurnal
variations, contributing to the in situ generation of diurnal temperature tides and inducing the Kp dependence
of the tidal amplitudes. The aurorally driven tides tend to be largest in the generation region and do not show
much, if any, vertical propagation.

The contributions of the tides propagating from the lower atmosphere to the thermospheric tides are small
in the polar region but significant in the midlatitudes, according to the CTIPe model run with lower boundary
tidal forcing excluded (Figure 2, bottom row). The reduction of the diurnal tidal amplitude at McMurdo is only
0.7K (relative change ~3.4%)when compared to the real-time run for the Kp≥ 0 case. It can also be seen that the
lower boundary tidal forcing has greater impact (~65%) on the tidal amplitudes equatorward of 60° than on
those of the polar regions (~10%), which indicates that the lower atmosphere tide is a dominant source in the

Figure 4. (a) Diurnal temperature amplitudes derived from the CTIPe real-time run and the Hall-drag-off run in June 2011.
(b) Horizontal wind vector difference between the real-time run and the run without Hall ion drag at 116 km on 5 June 2011
at 06:00 UT.

Geophysical Research Letters 10.1002/2014GL062784

FONG ET AL. ©2015. American Geophysical Union. All Rights Reserved. 702

Hall-ion-drag induced 
adiabatic 

heating/cooling is 
responsible, tested by 

CTIPe model
Dr. Fuller-Rowell and 

Dr. Art Richmond
[Fong et al., GRL, 2015]
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Lidar-Discovered Thermosphere-Ionosphere Fe Layers 
(TIFe) Correlated to Solar and Geomagnetic Storms

Fe Density on 1 June 2013 @ McM

Day of Month

Magnetic cloud (CME)HSS

Day of Month

Fe Density on 2 May 2011 @ McMurdo Fe Density on 28 May 2011 @ McMurdo

CME followed by HSS?

Dr. Zhibin Yu
Winter-over 2011

First Place Prize 2013
CEDAR Students 

Poster Competition

Courtesy of 
Dr. Delores Knipp

&
Dr. Zhonghua Xu

SOHO
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Arrival Heights is a Hotspot of Gravity Waves

8Trans-Antarctic Mountains, Mt. Erebus, East Antarctic Plateau, Ice Shelf

[Chu et al., GRL, 2011] [Chen et al., JGR, 2013] [Lu et al., GRL, 2017]

Dr. Xian Lu
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(a)
Temperature on 29-30 June 2011 @ McMurdo

et al. (2006) and Sato and Nomoto (2015) propose in situ instability as the wave source for mesospheric PWs,
although the processes that lead to the unstable state are different. McLandress et al. (2006) suggest that the
instability is caused by the gravity wave (GW)-induced wind shears in the mesosphere, while Sato and
Nomoto (2015) suggest that associated with the poleward and downward shift of the polar night jet,
westward GW forcing filtered by the eastward jet shifts accordingly and forms an upwelling motion that
decreases temperature and increases static stability at midlatitudes. This process produces a negative PV
gradient at high latitudes and gives rise to instability. Both papers solicit observational studies to confirm
their hypotheses, and the current study provides evidence that the eastward PWs do attain substantial
magnitudes in the MLT.

2. Lidar Observations and Results

The University of Colorado lidar group has been conducting lidar observations at Arrival Heights (77.83°S,
166.67°E) near McMurdo, Antarctica, since December 2010 (Chu, Huang, et al., 2011; Chu, Yu, et al., 2011).

Figure 1. (a) Lidar temperatures from 21 to 26 May 2014 in the region of 30–110 km at McMurdo. (b) Temperature pertur-
bations after subtracting the data set mean and a linear trend. (c) Low-pass-filtered temperature perturbations with a
cutoff frequency of 12 h!1. (d) MLS reconstructed temperature perturbations with major components of 4dE1, 2.5dE1, and
1.7dE2 waves. (e) Same as Figure 1c except that MLS reconstructed perturbations are fed into 68–84 km. (f) Same as
Figure 1d except that lidar temperature perturbations are superimposed above 84 km.

Geophysical Research Letters 10.1002/2017GL075641

LU ET AL. SHORT-PERIOD EASTWARD PWS IN ANTARCTICA 10,745

Lidar Temperatures in May 2014 @ McMurdo

Days (May 2014)

Dr. Cao Chen

1.5-h GWs 
in TIFe layer

1.5-h GWs 
in Fe temp

3-10 h GWs 
in Fe temp

PWs in
Fe Temp

PWs in 
Rayleigh 

temp

GWs in 
Rayleigh 

temp
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(c) 11 June 2013

Persistent, large-amplitudes, dominant in the MLT (T’ ~ �20–30 K)
No pause during nearly 3-day observation!!! 

Occurring on every lidar run; as a group, these waves are perpetual
What wave sources could be so persistent???

Non-tidal periods, non-fixed phases, phase traced down to the stratosphere

[Chen et al., JGR, 2016]

Lidar Discovery of Persistent Gravity Waves 
with Inertial ! of 3–10 h and λz of 20–30 km 

Dr. Cao Chen
Winter-over 2014

First Place Prize 2012
CEDAR Students 

Poster Competition
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MLT Persistent Gravity Waves in June 2011-2015
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[Chen et al., JGR, 2016]

Freq-spectral slopes
-2.7 below 100 km, 
gradually become 

shallower -1.6 at 110 km

Persistent waves 
aren’t tidal waves, 

aren’t atmos. 
normal modes, 

unlikely wave-wave 
interactions,

but gravity waves!
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11What wave sources could be so persistent???
[Chen and Chu, JASTP, 2017]

Wave Recognition Based on 2D Wavelet for 
Characterization of Persistent Gravity Waves

Fig. 5. (a) Life span and vertical profile of (b) vertical wavelength (λz), (c) vertical phase speed (Cz), (d) horizontal wavelength (λh), and (e) horizontal phase speed (Ch) and their errors
(horizontal bars) for each wave event on 28–30 June 2014 derived from the 2-D Morlet wavelet coefficients. Results for each event are denoted in different colors and markers as
indicated in the legend. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 4. The 2-D Morlet wavelet reconstruction of four major wave events during 28−30 June 2014 with periods of (a) 3.4 h, (b) 3.9 h, (c) 6.5 h, (d) 7.6 h and (e) the temperature
perturbation field reconstructed from combining the above four major wave packets.

C. Chen, X. Chu Journal of Atmospheric and Solar–Terrestrial Physics 162 (2017) 28–47

37

Fig. 5. (a) Life span and vertical profile of (b) vertical wavelength (λz), (c) vertical phase speed (Cz), (d) horizontal wavelength (λh), and (e) horizontal phase speed (Ch) and their errors
(horizontal bars) for each wave event on 28–30 June 2014 derived from the 2-D Morlet wavelet coefficients. Results for each event are denoted in different colors and markers as
indicated in the legend. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 4. The 2-D Morlet wavelet reconstruction of four major wave events during 28−30 June 2014 with periods of (a) 3.4 h, (b) 3.9 h, (c) 6.5 h, (d) 7.6 h and (e) the temperature
perturbation field reconstructed from combining the above four major wave packets.

C. Chen, X. Chu Journal of Atmospheric and Solar–Terrestrial Physics 162 (2017) 28–47
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Sources of the MLT Persistent Waves ???
Traced Back to the Stratosphere
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This is the first time inertia-gravity waves (IGWs) observed in 
the Antarctic MLT by lidar and radar together.

With Scott Base MF radar 
wind data, we can derive 
where the waves come 
from in case studies.0.7 hpa, 9 UT 28�Jun�2011
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Wave Sources 
Height?

June 29-30, 2011 Dr. Adrian McDonald

!" ≈ 1100 − 2200 ()



Statistical Characterization of Dominant 
Gravity Waves in the Stratosphere (30-50 km)

13
Dominant GWs in the stratosphere are different from the MLT persistent waves

[Zhao et al., JGR, 2017]
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Stratospheric Gravity Wave Spectra & Characteristics
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Dr. Jian Zhao
Winter-over 2015

Lognormal distributions of 
vertical wavelength, period, 

and vertical phase speed  
[Zhao et al., JGR, 2017]
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Stratospheric Gravity Waves are Intriguing
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GW potential energy density (30-50 km) over 5 years [Chu et al., JGR, 2018]

Epm and N2 exhibit seasonal patterns with summer minima & winter maxima
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Driving Factors for Epm Seasonal Variations
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Stratospheric Epm vs. Critical Level Filtering 
and Wave Sources [Chu et al., JGR, 2018]
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Lidar Discoveries Inspired Theoreticians and Modelers 
to Search for the Wave Sources (Vadas and Becker)

17[Becker and Vadas, JGR, 2018; Vadas and Becker, JGR, 2018]

Journal of Geophysical Research: Atmospheres 10.1002/2017JD027460

Figure 14. GW-related relative temperature perturbations at the site of McMurdo (Antarctica) during late June. The
perturbations are calculated as (T − T̃)∕T̃ where T̃ includes only periods of 12 h or longer. (a) From ground-based lidar
measurements as published in Chen et al. (2016, their Figure 2). These data were kindly provided by X. Chu. (b) From the
Kühlungsborn mechanistic general circulation model (KCGCM) simulation. LIDAR = Light Detection and Ranging.

region. This finding is consistent with our model result of the regional distribution of the zonal GW drag
(see Figure 8c). Additionally, consistent with our model study, the authors interpreted their result as due to sec-
ondary GW generation in the stratopause region that resulted from the strong and intermittent GW breaking
over the Southern Andes hot spot.

Further observational support is available from radar wind measurements in the NH. On average, the polar
night jet is much weaker in the NH than in the SH. A strong polar night jet, however, creates the conditions for
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Figure 15. Mean zonal wind profiles above Andenes (69∘N, 17∘E) during
January. The blue curves are the mean values for 2004–2016. The red curves
correspond to the period 15–22 January in 2016. Results from the Andenes
meteor radar (MR) are plotted from 75 to 105 km by solid lines, while MERRA
data are plotted from 20 to 80 km by dashed lines.

primary westward GWs to gain high amplitudes when they break in the
upper stratosphere and lower mesosphere, thus exciting secondary GWs
which can then dissipate at higher altitudes. Figure 15 shows winds from
Modern-Era Retrospective analysis for Research and Applications (MERRA)
(Rienecker et al., 2011) at 68∘N. The mean winds from 2004 to 2016 peak
at z ∼ 40–50 km and are eastward with an amplitude of ∼ 30 m s−1. How-
ever, the 2015–2016 winter season was characterized by a very strong
polar vortex, especially from 15 to 22 January. During this period, the east-
ward winds had peak values of ∼ 110 m s−1. Following our model results
we expect a strong additional wind maximum near the mesopause during
this period. Importantly, the radar observations included in Figure 15 are
consistent with this picture. The Andenes meteor radar is located in north-
ern Norway and measures the horizontal winds in the mesopause region
(Stober et al., 2012). From Figure 15, the average wind at z ∼ 90–100 km
was ∼ + 10m s−1 during 2004–2016. However, from 15 to 22 January in
2016, a pronounced additional eastward wind maximum of ∼ 30–40 m s−1

is seen at z ∼ 95 km. The altitude and magnitude of this eastward wind
maximum is similar to that from our model results for the SH. Though the
winds at a single station do not represent the zonal-mean picture, we nev-
ertheless speculate that stationary planetary waves do not significantly
contaminate the result.

BECKER AND VADAS SECONDARY GWS IN THE WINTER MESOSPHERE 2623
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Figure 5. Scaled variables at McMurdo for 3–11 July. T ′√"̄∕"̄0 (a), u′
√
"̄∕"̄0 (b), v′

√
"̄∕"̄0 (c), and w

√
"̄∕"̄0 (d). White and black arrows show the locations and

times for select mountain wave events and fishbone structures, respectively. Maximum and minimum values are shown at the top of each panel.

VADAS AND BECKER 9334

Dr. Sharon Vadas
Dr. Erich Becker

Figure 11. The vertical velocity, w, (color contours) at z = 30 km, and the horizontal wind,

uH , (red arrows) at z = 4 km on July 5.18 on a 2D plane centered at McMurdo. The maximum

value of uH is 60m/s. The height of the topography above sea level is shown as black lines in

0.5 km intervals from 50 meters. The center of the white diamond is McMurdo. Maximum and

minimum values of w are shown at the top.

c⃝2018 American Geophysical Union. All Rights Reserved.

GW-resolved KMCM



Secondary Gravity Wave Generation by 
Localized, Intermittent Body Force

18[Vadas, Zhao, Chu, and Becker, JGR, 2018]

Observations

Dr. Becker Dr. Vadas

Journal of Geophysical Research: Atmospheres 10.1029/2017JD027970

Figure 15. (a) Scaled temperature perturbations,
√
"̄T ′∕T̄ , on 18 June 2014 using equation (59). (b) As in (a) but only

retaining GWs with periods ≤ 11 hr. (c) Removed GWs from (b), obtained by selecting GWs with upward phase
progression for z > zknee and downward phase progression for z < zknee. Here zknee = 43 km. (d) Derived secondary
GWs, obtained by subtracting (c) from (b). Color bars are in units of

√
kg∕m3. GW = gravity wave.

4.1. Case 1: 18 June 2014
The first case we analyze is on 18 June 2014. Figure 15a shows the density-scaled temperature perturbations,

√
"̄T ′

T̄
=
√
"̄ (T − T̄)

T̄
, (59)

where T̄ is the temperature averaged over the temporal range of the displayed data at each altitude.
Additionally, "̄ is the background density (in kg/m3) taken from NRLMSISE-00 (Picone et al., 2002), averaged
over the entire month (i.e., June 2014 here). (We do not use the Rayleigh lidar data to estimate "̄ because it
includes strong wave perturbations and the data are not evenly distributed in time.) Large-amplitude waves
with ∼ 1-day periods are seen; these are likely due to eastward propagating planetary waves with periods of
1–5 days (Lu et al., 2013, 2017). Figure 15b shows

√
"̄T ′∕T̄ after waves with #r > 11 hr are removed via Fourier

filtering using a sixth-order Butterworth filter. Constructive and destructive interference is seen for upward
and downward propagating GWs at z < 45 km. For 5–55 UT, nearly all of the GWs at z > 45 km are upward
propagating. Importantly, at 5–30 UT, GWs with upward phase progression are present at z = 30–42 km,
and GWs with downward phase progression and having similar #r and |$z| are present at z = 45–60 km,
thus suggesting that these GWs are part of a fishbone structure. From Figure 15b, we estimate (by eye) that
zknee ≃ 43 km following criterion #1.

We now investigate if these GWs are part of a fishbone structure with zknee = 43 km. We apply a Fourier
filter to each altitude range individually. For z < zknee, we remove those GWs with downward phase progres-
sion, and for z > zknee, we remove those GWs with upward phase progression. We show these removed GWs
in Figure 15c. Relatively large-amplitude GWs with downward phase progression occur at z < zknee. These
GWs are likely upward propagating primary GWs from the troposphere or lower stratosphere (e.g., MWs or
Inertia-GWs from regions of imbalance). Importantly, these GWs are severely damped by z ≃ 35–40 km,
thereby satisfying criterion #2. Additionally, the phase lines do not become vertical near zknee, thereby satis-
fying criterion #3. Additionally, only small-amplitude GWs with upward phase progression occur above zknee,
thereby satisfying criterion #4.

VADAS ET AL. 9316

June 18-20, 2014 @ McMurdoJune 29-30, 2011 @ McMurdo

Journal of Geophysical Research: Atmospheres 10.1029/2017JD027970

Figure 18. Same as Figure 15 but for 29 June 2011 with zknee = 52 km. GW = gravity wave.

Such a phenomenon can occur if the background wind accelerates significantly, thereby sweeping an
oppositely propagating GW downstream. For example, Vadas and Becker (2018) examined a westward
quasi-stationary MW that propagated into an accelerating eastward wind. This caused its ground-based fre-
quency!r to become negative because k remained negative. The result was that cH = !r∕kH became negative,
although the zonal phase speed became positive: cx = !r∕k > 0. At and above the altitude where this accel-
eration occurred, the MW had upward phase progression. From equation (1), UH = kŪ∕kH = sign(k)Ū < 0 in
this case. This situation is analogous to a swimmer swimming upstream in a river. If the flow accelerates sig-
nificantly, then the swimmer is swept downstream even though she continues swimming upstream relative
to the flow.

Because wind observations are unavailable, we now apply this criterion by utilizing Ū and V̄ from MERRA-2
(Modern-Era Retrospective analysis for Research and Applications, version 2). These winds are shown in
Figures 17a and 17b at McMurdo. Above zknee, the wind is southeastward with an amplitude of ∼ 20–70 m/s
within the structure extent. Below zknee, the wind is southeastward at 5–12 UT and 20–26 UT and is
northeastward at 12–20 UT with an amplitude of 10–40 m/s.

We now infer the secondary GW intrinsic horizontal phase speed from our observational analysis. From the
midfrequency dispersion relation, a GW’s intrinsic phase speed is

cIH =
!Ir

kH
= NBm =

|#z|
$B

, (61)

where $B = 2%∕NB is the buoyancy period. For the structure extent, $B ≃ 5.0 min from MERRA-2. Using #z from
Table 1, we infer cIH = 45 m/s for the secondary GWs. We now compare cIH with Ū and V̄ , similar to Kaifler et al.
(2017). From Figures 17a and 17b, cIH >

√
Ū2 + V̄2 is satisfied below zknee. Therefore, the secondary GWs with

upward phase progression below zknee are downward propagating. The situation above zknee is more compli-

cated. The condition cIH >
√

Ū2 + V̄2 is satisfied for all times at z = 43–50 km except at z = 46 − 50 km for
5–11 UT if the GWs have significant eastward propagation (i.e., cx > 0). If these GWs propagate mainly merid-
ionally, however, they would be upward propagating with downward phase progression at all altitudes and
times. Because the secondary GWs are upward propagating at z = 43–46 km at 5–26 UT, and because the
phase lines do not significantly change slope at and above z = 46 km in Figure 15d (as they would if they were
propagating zonally and encountered the strong eastward wind shear in Figure 17a at 5–10 UT, which would

VADAS ET AL. 9319

Dr. Jian Zhao

Theory

Journal of Geophysical Research: Atmospheres 10.1029/2017JD027974

Figure 6. Theoretical compressible solution of the secondary gravity waves
excited by a zonal body force centered at x = y = 0 and z = 45 km in an
isothermal, windless atmosphere. The body force begins at t = 0 and has
full horizontal width H = 800 km, full depth z = 8 km, and duration
! = 6 hr. (a) Height-time cross section of the scaled temperature
perturbation,

√
#̄ T ′∕T̄ (colors), at x = 800 km and y = − 800 km. The altitude

of the knee of the structure is at the force center (i.e., zknee = 45 km).
(b) Horizontal cross section of T ′∕T̄ at z = 55 km and t = 10 hr.

4.1. Overview of the Primary and Secondary GWS at McMurdo
Figure 5 shows T ′, u′, v′, and w scaled by

√
#̄∕#̄0 on 3–11 July, where

w is the vertical velocity. Here #̄0 = 868 gm/m3 is the value of #̄ at
0∘E, 90∘S and z = 5 km on 3 July at 0 UT for this and all remaining
KMCM figures in this paper. Here we show the scaled w rather than the
scaled w′ in order to see all waves (including those with periods ≥ 11 hr).
On 4 July at 18 UT through 5 July at 12 UT, coherent GWs with upward
phases in time are seen at z ∼ 10–50 km in T ′, u′, and w (see white
arrows at z ∼ 20 km). As we will see in section 4.2.2, these are upward
propagating MWs created by a downslope wind; the upward phases occur
because the background eastward wind “ramps up” (accelerates) during
this event. At z < 10 km, the GWs primarily have downward phases in time.

Figure 5d includes three distinct events in w: 4.5–6 July, 7–9.5 July, and
9.5 July to at least 11 July. The durations of these events, 1.5–2.5 days, is
consistent with Watanabe et al. (2006) who found that typical downslope
wind events lasted for ∼ 1–4 days near McMurdo.

We overlay black arrows at z ∼ 40–60 km in Figure 5 to highlight a few
locations where “fishbone” (or “>”) structure is seen in the perturbations.
A fishbone structure is particularly clear in u′ at 12 UT on 9 July through
12 UT on 10 July at z ∼ 40–60 (see Figure 5b). This fishbone structure
looks very similar to the theoretically derived structure that arises from
secondary GWs excited by a body force (see below).

To illustrate this point, we solve the linear, f -plane compressible fluid
equations given by Vadas (2013) and show the analytical solution for
the secondary GWs and mean response created by an idealized Gaus-
sian zonal body force centered at z = 45 km. We assume that the body
force is 800 km wide, is 8 km deep, lasts for 6 hr, and has an ampli-
tude of 40 m⋅s− 1⋅day− 1. We also assume an isothermal background atmo-
sphere with T̄ = T0 = 231 K, resulting in a buoyancy frequency of
NB = 0.02 rad/s and #̄ = #̄0 exp(− z∕) with  = 6.9 km, where
 is the density scale height. Further details concerning this theoreti-
cal solution can be found in Vadas et al. (2018). In Figure 6a, we show√
#̄T ′∕T0 for a horizontally fixed observer

√
2 × 800 = 1,130 km south-

east of the center of the body force. A striking fishbone structure appears
in this z − t plot; it is created as different spectral components of the
excited secondary GWs propagate away from the body force with dif-
ferent horizontal and vertical velocities. This structure is asymmetric in
z about z = 45 km (which we dub the knee of the structure), with
upward-propagating GWs having downward phases in time above the
knee and downward-propagating GWs having upward phases in time
below the knee. Importantly, the upward and downward secondary GWs
have the same amplitudes at the excitation altitude; it is only when they
propagate away from the body force that the downgoing GW ampli-
tudes decrease as 1∕

√
#̄, while the upgoing GW amplitudes increase as

1∕
√
#̄. Note that the fishbone structure is visible in any horizontal direc-

tion except perpendicular to the force direction (Vadas et al., 2018). Figure 6b shows T ′∕T̄ at z = 55 km
and t = 10 hr. Partial concentric rings are visible and are asymmetric about the axis perpendicular to the
force direction (i.e., x = 0 here); these partial rings appear to radiate away from the force center in time
(not shown). The amplitude of the fishbone structure maximizes in the direction parallel or antiparallel to the
body force (i.e., y = 0 here) and is 0 in the direction perpendicular to the body force (i.e., x = 0 here). We show
in section 4.3 that the GWs in the fishbone structures in Figure 5 are indeed secondary GWs and that they are
excited by the body forces created by MW dissipation.

VADAS AND BECKER 9335



A New Picture of Antarctic Gravity Waves in Our Papers

19
[Vadas et al., JGR, 2018; Chu et al., JGR, 2018]
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Scientific Merits of the New Understandings
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2.5x 104 1) The persistent gravity waves would have a strong impact 
on composition and chemistry in the mesopause region 
because the large temperature perturbations induced by 
waves can alter the rates of chemical reactions and therefore 
the concentrations of minor species in the region. They are 
important to the correct modeling of metal layers, polar 
mesospheric clouds, and other species in the Antarctic. 
2) Because such strong waves cannot continue propagating 
upward forever, it is important to know where they break and 
how they impact the upper atmosphere. 
3) The implications of these waves on general circulation 
models and chemical climate models are also significant, 
particularly with regard to the “cold pole” problem. Numerical 
simulations have indicated missing wave drag in the southern 
stratosphere as a possible cause. Mountain waves generated 
by small islands around 60S or inertia-gravity waves (IGWs) 
may provide the missing wave drag. However, if these IGWs 
survive into the MLT, it is unlikely that these waves break or 
severely dissipate in the stratosphere, so they may not 
produce sufficient wave drag in the stratosphere. On the other 
hand, could the unknown sources that persistently generate 
such waves be responsible for the missing wave drag? [Chen et al., JGR, 2016]

20
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Figure 3. General circulation in the southern winter middle atmosphere: comparison of the T240L190 model with
resolved gravity waves (GWs) (a, c, e, and g) against a corresponding T32L80 model version with parameterized GWs
(b, d, f, and h). (a and b) Zonal-mean zonal wind. (c and d) Negative vertical component of the Eliassen-Palm flux
(−EPFZ , colors, including the contribution from parameterized GWs in (d) and the residual vertical wind (contours for
±0.5,−1,−2,−4 cm s−1). (e) Zonal-mean vertical momentum flux due to resolved GWs (colors) and the associated GW
drag (contours for ±10, 30, 50, 70, 90 m s−1 d−1). (f ) Same as (e) but for the parameterized GWs. (g) Zonal-mean
potential energy flux (colors) and energy deposition (contours for 2, 4, 8, 16, 32 K d−1) due to resolved GWs. (h) Same as
(g) but for the parameterized GWs. The vertical axis extends from about 30 to 135 km.

BECKER AND VADAS SECONDARY GWS IN THE WINTER MESOSPHERE 2611

[Becker and Vadas, JGR, 2018]

GW-resolved KMCM GW-parameterized



TIFe Layers Formed by Plasma-Neutral Coupling

This TIFe layer event on 28 May 2011 demonstrates complex gravity 
wave activity in Antarctica: 1) 3-10 hr inertial-period gravity waves 
dominate the temperature variations in the MLT; 2) ~1.5 hr fast gravity 
waves propagate from the MLT well into the thermosphere. 21

Thermosphere-Ionosphere Fe (TIFe) layers [Chu et al., GRL, 2011]

[Chu et al., GRL, 2011]

Dr. Zhibin Yu

Dr. Cao Chen
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TIFe Model Simulations and Overall Picture
Fe Density on 28 May 2011 @ McMurdo
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[Chu and Yu, JGR, 2017]

[Yu, PhD Dissertation, 2014]
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Forming a Big Picture of Antarctic Gravity Waves
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Convection is absent from winter Antarctica. Is it possible to form a big picture of gravity 
wave coupling from near the surface to the thermosphere in Antarctica?

X - 68 VADAS AND BECKER: TERTIARY GRAVITY WAVES OVER THE SOUTHERN ANDES

Figure 21. Schematic showing the multi-step coupling mechanism which links strong

MW events to tertiary (and higher-order) GWs in the thermosphere. Local body forces

(horizontal black arrows) are created where the MWs break and attenuate at z ∼ 50− 70

km. Secondary GWs are generated by these body forces. The secondary GWs dissipate

and create local body forces at z ∼ 80− 130 km, which generate tertiary GWs. Although

many propagate to higher altitudes, some of the tertiary GWs begin to dissipate at z > 110

km. Only the upward-propagating secondary and tertiary GWs are shown here for clarity.

(Not to scale).

D R A F T March 5, 2019, 12:00am D R A F T

[Vadas and Becker, JGR, 2019]
[Zhao, PhD Dissertation, 2018]

A paradigm shift: Energy and momentum are transferred from lower atmosphere sources to the MLT via 
a complex multi-step coupling processes involving primary, secondary, and tertiary gravity waves.
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High-Resolution STAR Na Doppler Lidar

@ Arrival Heights

Student Training and Atmospheric Research (STAR) lidar developed 
by graduate students at CU-Boulder: Weichun Fong, John Smith, 

Wentao Huang, Muzhou Lu, Zimu Li, Ian Geraghty, Nik Sinkola, et al.

By making high-precision laser spectroscopy in space, the neutral temperature, line of 
sight wind, and Na density are measured simultaneously via detecting the 

Doppler broadening and bulk Doppler shift of Na D2 absorption line.



High-Resolution Vertical Wind & Temp Obs. 
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vertical wavelengths of mainly ~10–30 km. Such a wave spectrum is
different from, and only partially overlaps with, the short-period and
small-scale waves (usually < 100 km in horizontal wavelength) pre-
ferentially observed by airglow imagers and the long-period and large-
scale waves readily detected by less sensitive lidars and radars. The
significance of such high-to-medium frequency mesoscale gravity
waves on precipitation patterns, weather systems, and the transport
of momentum to the MLT region has been widely appreciated (e.g.,
Koch and O’Handly, 1997; Zhang, 2004; Fritts and Nastrom, 1992),
although the direct observations of them were sparse. Therefore, an
observational and statistical characterization of the gravity waves with
these scales is required. Additionally, recent gravity-wave-resolving,
high-resolution GCMs (e.g., Watanabe and Miyahara, 2009; Becker,
2009; Sato et al., 2012; Liu et al., 2014) can resolve mesoscale gravity
waves with periods of 0.3–2.5 h directly from the physical processes
simulated in the models. Therefore, obtaining information about the
characteristics of these waves from an observational standpoint, as
done in this study, is important and timely.

In a case study by Lu et al. (2015a), we developed a systematic
method to study the characteristics of a quasi-1-h wave using the STAR
lidar in Boulder, CO and a Na Doppler lidar and Advanced Mesospheric
Temperature Mapper (AMTM) in Logan, UT. The horizontal and
vertical wavelengths of this wave were determined to be ~219 ± 4
and 16.0 ± 0.3 km, respectively. Because the Utah State University
(USU) lidar does not have vertical wind measurements currently, we
utilize the STAR lidar observations only for the current statistical study,
and analyze the period from April 2013 through January 2014. During
this period, there were 56 nights of observations totaling ~461 h of
high-quality vertical wind measurements(Table 1). The 0.3–2.5 h
waves occur and dominate in almost every night of the observations.
This dataset therefore provides a compelling opportunity for a statis-
tical study of high-to-medium frequency mesoscale gravity waves.

2. Observations and methodology

2.1. Vertical wind measurements showing prominent 0.3–2.5 h
waves

The University of Colorado STAR Na Doppler lidar saves raw
photon count profiles with a resolution of 3 s temporally and 24 m
vertically. In order to increase the signal-to-noise ratio, the raw photon
counts are smoothed with a 15 min (full width) Hamming window to
derive temperatures and vertical winds, and the window is shifted at a
step of ~5 min. Vertically, the photons counts are binned to 0.96 km to
further increase the precision. Therefore, the effective temporal and
vertical resolutions are 7.5 min and 0.96 km, respectively. With this
resolution, the measurement uncertainties in the STAR temperatures
and vertical winds are ~0.3–1 K and ~0.2–1 m/s near the Na layer
peak and the uncertainties in the winter months are usually smaller
than those in the summer months due to the higher winter Na
abundance. Taking the 27 November 2013 case as an example, the
STAR lidar obtained 1000 counts per laser shot from the Na layer with
an average laser power of ~500 mW at a 30 Hz repetition rate and with
a telescope primary mirror of ~80 cm in diameter (Lu et al., 2015a).

Fig. 1 illustrates examples of the raw vertical wind measurements at
resolutions of 7.5 min and 0.96 km. The most prominent waves are
those with high to medium frequencies. The downward progression of
their phases indicates that these signatures are real and are created by

upward-propagating gravity waves with upward energy propagation.
To obtain the gravity wave perturbations, we first subtract the nightly
mean temperatures and vertical winds. Then, to effectively remove the
anomalous vertical stripes found in some of our raw vertical winds and
the wave spectra with unwanted long periods, we apply the two-
dimensional (2D) Fast Fourier Transform (FFT) filtering with zero-
padding to remove the vertical wavenumbers close to zero and the
periods longer than 3 h. This 2DFFT filtering is fulfilled via the
following two steps. First, we derive the 2DFFT spectra that only keep
the powers contributed by waves with upward energy propagation,
vertical wavenumbers ranging from 0.0081 to 0.5 km−1 and frequen-
cies from 1/0.25 to 1/3 h−1. The lowest wavenumber at 0.0081 km−1 is
determined by the vertical window width after zero padding
(~123 km). Second, an inverse 2DFFT is then applied to recover the
filtered wave perturbations that are used later to discern the dominant
waves and their durations via wavelets. This filtering process selects the
waves with periods of 0.25–3 h and vertical wavelengths of 2–123 km.
Fig. 2b shows an example of the vertical wind field after this 2DFFT
filtering on 10 August 2013. A superposition of multiple upward
propagating waves with periods of 0.3–2.5 h is clearly seen.

2.2. Identifying wave cases using wavelet spectra

According to the Boussinesq, non-dissipative gravity wave polariza-
tion relation between the vertical wind and temperature perturbations,
their amplitude ratio is approximately proportional to wave's intrinsic
frequency (e.g., Eq. (2) in Lu et al., 2015a),

T iN
gω w≈ − ˆ

∼ ∼2

(1)

where T∼ and w∼ are the complex amplitudes of relative temperature and
vertical wind, respectively, ω̂ is the intrinsic frequency and N is the
Brunt–Väisälä frequency. The Boussinesq approximation holds for
λ πH< < 4z , where H is the density scale height (see Eq. (B18) of
Vadas (2013) with the substitution i for i− because of the different
phase definition). We first calculate the Morlet wavelet spectra of T∼ and
w∼ using the method in Chen et al. (2016) and Chen and Chu (2016),
where the bias (found in favor of the low-frequency waves) in the 1-D
Morlet wavelet power spectrum code by Torrence and Compo (1998) is
corrected. Then following the case study by Lu et al. (2015a), the
amplitudes of the temperature wavelet spectra are weighted by their
observed frequencies (i.e., multiplied by the frequencies) in order to be
comparable with the amplitude spectra for the vertical wind and
highlight the high-frequency waves, which are the focus of this study.
Fig. 2c, d show how we identify the dominant waves and their
durations using the vertically averaged wavelet spectra. The local peaks
are first identified from these averaged spectra. If two adjacent peaks
are within 3 wave cycles, they are treated as the same wave. For
example, on the night of 10 August 2013 (Fig. 2d), two local peaks at
8.99 and 9.07 UT with a period of ~0.37 h are so close to each other
that they are considered as the same peak/wave in our analysis.

To establish a wave case, the same wave peaks must be identified
simultaneously in both the temperature and vertical wind perturba-
tions. We allow the periods of these peaks for these two components to
differ by no more than 20% of their mean; this mean is then used as the
period determined from the wavelet. If the wave's amplitude distribu-
tion along the wavelet time axis is central symmetric, we expand the
time window from this peak to both the left and the right sides for

Table 1
Statistics of the Lidar data from April 2013 to January 2014 used for this study.

April May June July August September October November December January Total

Night 2 3 3 1 7 3 8 8 7 14 56
Hour (h) 15.9 18.5 12.9 6.9 42.2 23.0 73.1 73.6 69.2 125.5 460.8

X. Lu et al. Journal of Atmospheric and Solar–Terrestrial Physics xx (xxxx) xxxx–xxxx

2

High-freq. waves 
! ~10-20 min

Very obvious on W
Still visible on T

High-frequency gravity waves are observed with Na lidar in Antarctica.
Both secondary and tertiary gravity wave generation are possible.

Persistent waves 
! ~3-10 hr

Dominate T variations
Still visible on W

Resolutions used
∆# = 3 -- 6 min
∆% = 0.5 -- 1 km
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Simultaneous TIFe and TINa Observations
8-11 May 2018

Very dynamical TIFe

layers with high contrast 

plus some ”regular” TIFe

peaking around 6-7 UT

“Diffuse” distribution of 

TINa throughout night 

plus TINa layers at time 

similar to TIFe layers

Stunning distinction 
TIFe vs. TINa
Above 105 km

Mesospheric Fe/Na 

column abundance ratio 

is ~3, but the TIFe/TINa

ratio varies significantly 

from <1 to ~55 or higher



High Sensitivity to Detect Diurnal Cycles of TIFe, PMC & V. Winds

TIFe Layer
372 nm

TIFe Layer
374 nm

Fe Mixing 
Ratio

PMC 
Layers

Vertical Winds

Fe layer over 7 days



Surprising Results from ~9 Years of Lidar Data
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[Chen, Li, et al., CEDAR poster, 2019]

Zimu Li
Winter-over 2019

Zhuoying Chen

78°S Epm (30-50 km) versus
Equatorial QBO Easterly Phase

9 Years of PMC 
vs. solar cycle 
or lack of it ?

[Lindo et al., CEDAR poster, 2019]

Manuel Lindo

PMC 
Diurnal



Concluding Remarks and Outlook
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Lidar “Beatles”

1) Synthesis of McMurdo lidar observations, numerical modeling and GW theories leads 
to a new picture of gravity wave coupling from the lower atmosphere to the thermosphere 
via secondary GW generation and multi-step coupling concepts. à a paradigm shift?
2) Still many remaining questions, e.g., wave impacts on transport & circulation, high-freq
gravity waves, tertiary waves, MWs, … questioning our own interpretations every day.
3) Lidar observations at McMurdo provide huge potentials to the CEDAR--GEM sciences 
... What we have studied is just the tip of the iceberg, and many more are awaiting …

May we use the entire Antarctica as a natural laboratory to advance and 
test theories of gravity waves, TIMt layers, and A-I-M coupling, etc.?
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Lidar “Geeks” to Explore the Unknown 

National Science Foundation -- where discoveries begin
Do not follow where the path may lead. 

Go instead where there is no path & leave a trail. 32
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