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Instruments at Andes Lidar 
Observatory

• Na Wind/Temperature Lidar (UIUC/ERAU)

• Two All Sky Airglow Imager (ASI1, ASI2) (UIUC)

• Mesospheric Temperature Mapper (MTM) (USU)

• Aerospace Infrared Cameras (ANI, ANI2) (Aerospace)

• Meteor radar (UIUC)

GNSS Data Collection System, Jade Morton (CSU)
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*The details of each component specification have to be described using information provided from Fabio*.

(a) The picture shows the ALO (right) and Norway (left) im-
agers inside Imager room.

(b) A close up image shows both imagers on roof top at ALO
facilities.

Figure 2: Imager room and all-sky cameras on roof top at ALO facilities. Credit: J. Fuentes

The Fig. 2 shows the imagers used during the campaigns. The images being analyzed have been through
the ALO camera in the OH filter.

In order to manipulate the OH images was necessary to determine the lens function through the polynomial
fitting to obtain the coe�cients that better fit the lens distortion model. This procedure taken to perform
this fitting was identify suitable stars across the field of view (more than 20 stars) on a single OH image
shown in Fig. 3 as illustration to fit a square minimization function to derive the coe�cients which traces
the zenith distance in units of radians from center image to the stars in units of physical pixels, the fitting
model can be seen in Fig. 4.
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ASI1
Apogee Alta-U6
High Gain
Filter list:
#1 OH(6-2)
#2 O2(0-1)
#3 O(1S)
#4 O(1S) BG
#5 O(1D)

ASI2
Apogee Alta-F6
High Dynamic 
Range
Filter list:
#1 OH(6-2)
#2 OH(7-3)
#3 OH(8-3)
#4 Na
#5 -

All Sky Imagers
F. Vargas, G. Swenson, A. Liu (UIUC/ERAU)



• Large dynamical ranges of 
probability and momentum flux 
(10-5 to 10-1).

• Least-square fitting piecewise 
function of lognormal and power-
law.

Probability Density Functions of Momentum Flux
at ALO and Maui
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ALO Coordinated Campaign, June 1-15th, 2016
M. Taylor, Y. Zhao, D. Pautet

Na Lidar Temperature Perturbation

Summary: MW detected, June 11th 2016
• Multi-instrument measurements 
• CIPS day-time albedo imagery at 55 km
• Horizontal wavelength <20 km
• Vertical wavelength (~12 km)
• Temperature amplitude ~7K
• Limited duration (<3 hours)

MTM (USU)

OH T MapAll-sky OH (BU, Smith)
El Leoncito

Stationary MW Stratospheric Albedo Map (CIPS/AIM)

ALO



ØGravity wave phase fronts
ØKH Instability phase fronts
ØPre-turbulent feature
ØKHIs drive transition into 

turbulence

New Hi-Resolution 4 MPixel OH Imager at ALO
Jim Hecht, Lynette Gelinas, Richard Rudy, Richard Walterscheid

Aerospace Corporation (Instrument/Data Analysis/Modeling)
Dave Fritts, GATS (Direct Numerical Simulations)

ALO Lidar Data Showing 
Unstable Layer

around 0035 UT on 2/29/16

OH Imager Data Over 60 x 60 km 
at 0035 UT Showing KHIs 
Evolving Into Turbulence

• Modeling of these various wave and 
instability dynamics are showing a 
close correspondence with 
observations that allow 
quantification of their influences.

• For example, a just-submitted paper 
using data from the existing ALO 
lower resolution OH imager showed 
the presence of Horseshoe-shaped 
vortices in OH images of mountain 
wave break down,  as predicted by 
Direct Numerical Simulations.

• Over one Tbyte of image data 
collected  during the past year are 
being shipped back. The detailed 
analysis of these data will reveal new 
insights about wave and instability 
break down.

4 MPixel, 30 m resolution



• Zenith, 20˚ off zenith to East, South, 1 min 
in each direction

• Photon signals collected at 6-sec, 25-m 
resolutions

• Na density, Temperature, 3-D wind in 80-
105 km range at 500-m, 1-min resolution

T and W errors at 1 min 500 m

Courtesy F. Vargas

75-cm mirrors 
Power 1.5 W

Na Wind/Temperature Lidar
A. Liu, G. Swenson, F. Vargas



ALO Na Lidar Operations

Total ~1000 hr high quality data
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Inertial Gravity Waves 20150720

temperature and wind were derived at 500m, 1min resolutions, and then smoothed with 1 km, 15min full-
width hamming windows, resulting in effective resolutions of about 0.5 km and 6min. At this temporal and
spatial resolution, the temperature uncertainty is the minimum at 92 km of about 0.5 K and increases to about
1.5 K at 84 km and about 3.0 K at 103 km on this night. The uncertainties of the zonal and meridional winds
are estimated to be about 2ms!1 and 1.8ms!1 at 92 km, about 4ms!1 and 3.5ms!1 at 84 km, and about
10ms!1 and 8ms!1 at 103 km, respectively. Only data between 84 km and 103 km are used in the study
because the uncertainties increase quickly beyond this range.

3. IGW Perturbations
3.1. Observations and Perturbations

The zonal (positive eastward) and meridional (positive northward) winds and temperature observed by the
Na lidar at ALO are shown in Figure 1. The wind and temperature fields exhibit temporal and spatial
variabilities, and downward phase progression of the zonal wind, meridional wind, and temperature
perturbations can be clearly seen. We use a second-order polynomial fit at each height, and then remove
the fitted values to obtain the total wave perturbations, which are also presented in Figure 1. A two-
dimensional discrete Fourier transform (DFT) on the total perturbations in the zonal wind, meridional wind,
and temperature is used to obtain their frequency-wave number spectra, which are then normalized by

Figure 1. (left column) Lidar observational (top) zonal wind, (middle) meridional wind, and (bottom) temperature at the height of 84–103 km for 10.7 h from 2330 UT,
20 July 2015 and (right column) perturbations of (top) zonal wind, (middle) meridional wind, and (bottom) temperature.
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Inertial Gravity Waves
comparable to û. They obey the
polarization relation derived from
the linear wave theory as follows
[Tsuda et al., 1994; Fritts and
Alexander, 2003]:

û
v̂
¼ i

Ω
f

(1)

where i is the imaginary unit, indicat-
ing a 90° phase difference; Ω is the
intrinsic frequency; and the inertia
frequency f=" 7.4× 10" 5 rad s"1 at
30.3°S. In the southern hemisphere,
v̂ leads û by 90° due to f< 0; hence,
for upward propagating IGWs with
negative vertical wave number
(kz< 0), the hodograph of the (û, v̂ )
vector rotates counterclockwise with
increasing height or time and forms
an ellipse. The direction of wave pro-
pagation is along the major axis of
the ellipse with a 180° ambiguity.
This ambiguity can be removed
based on the polarization relation of
the horizontal velocity component û
and the temperature perturbation T̂ ,
which is expressed as [Hu et al.,
2002; Li et al., 2007]

T̂
û
¼

H ikz þ 1=2Hð Þ Ω2 " f 2
! "

RΩkh
(2)

where kh is the horizontal wave num-
ber, H is the scale height, and R is the
atmospheric gas constant. We can
assume a positive direction of kh from

the two directions along the major axis of the hodographic ellipse; thus, the horizontal wind perturbation û
can be calculated by projecting the zonal and meridional wind perturbations to the assumed propagation
direction. According to equation (2), for upward propagating IGWs with kz< 0, û leads to T̂ . Thereby, if the
hodograph of the (û, T̂ ) vector rotates clockwise with increasing height or time, then the direction of wave
propagation is consistent with the assumed direction; otherwise, the propagation direction is opposite to
the assumed direction. Similarly, for downward propagating waves (kz> 0) in the southern hemisphere,
the hodograph of the (û, v̂ ) vector rotates clockwise with increasing height or counterclockwise with time.
At this time, when the hodograph of the (û, T̂ ) vector also rotates clockwise with height or counterclockwise
with time, the wave propagates along the assumed positive direction. Otherwise, the wave propagates in the
opposite direction. Therefore, the direction of horizontal propagation can be identified from the zonal wind,
meridional wind, and temperature observed at a single station through the two hodographs.

As shown in Figure 4, the upward propagating IGW has a dominant period of 5.4 h in the zonal wind, meri-
dional wind, and temperature. We fit a sinusoidal wave with this period at each height to obtain the pertur-
bation components of the zonal wind, meridional wind, and temperature. The fitted maximum amplitudes
are about 18.5ms"1 in the zonal wind at 97 km and 28.5ms"1 and 15.3 K in the meridional wind and tem-
perature at 96 km, respectively. Figure 6 shows the evolution of the fitted initial phase with height. For these
initial phases, wemake a linear fitting to their variation with height, and the fitted results are also presented in
Figure 6. One can see that the meridional wind perturbation leads to the zonal wind perturbation and the
zonal wind perturbation leads to the temperature perturbation. Based on the phase variation with height,

Figure 3. Upward propagating waves in (top) zonal wind, (middle) meridio-
nal wind, and (bottom) temperature.
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respectively. Accordingly, the intrin-
sic horizontal and vertical group
velocities are 69ms!1 and 1.1ms!1.
On the other hand, the horizontal
kinetic energy and potential energy
averaged in the height range of
84–103 km are about 27.8 Jkg!1

and 25.7 Jkg!1, respectively. The
intrinsic period is calculated to be
5.4 h, which is slightly larger than
the value of 4.9 h derived from
equations (3) and (4).

4. Discussion

In general, low-frequency IGWs have
much larger horizontal wavelengths
than high-frequency GWs. Since the
ratio of horizontal-to-vertical group
velocities for IGWs approximately
equals the ratio of their horizontal-
to-vertical wavelengths [Fritts and
Alexander, 2003], IGWs propagate
almost horizontally. For example,
the upward and downward propa-
gating waves in our study propagate
with an elevation and depression
angles of about 2.0° and 2.8°,
respectively, in the absence of back-
ground wind. Consequently, when
IGWs generated in the TLS propa-
gate upward to the MLT, they must
have travelled very long horizontal
distances from their source region.
At the same time, their propagation

paths depend on the background conditions. The background wind velocity can directly add to the
ground-based group velocity of wave, and the spatial and temporal variabilities of the background atmo-
sphere can alter the intrinsic group velocities, and even the wave propagation direction [Huang et al.,
2008, 2010; Snively, 2013]. Here by means of wind data from HWM07 [Drob et al., 2008] and temperature
data from MSISE00 [Picone et al., 2002], we perform a ray-tracing analysis to estimate the source region of
the upward propagating IGW. The ray-tracing is done based on the equations of wave parameter evolu-
tion presented by Yamamori and Sato [2006]. The initial zonal and meridional wave numbers are
kx=! 2.6× 10! 6 radm!1 and ky= 6.2× 10! 6 radm!1 derived from its horizontal wave number
kh= 6.7× 10! 6 radm!1 and its propagation direction of 337° azimuth; the initial vertical wave number is
kz=5.8× 10! 4 radm!1; the initial longitude and latitude is 30.3°S, 70.7°W; the initial height is 90 km;
and the beginning time is set to be 0500 UT, 21 July. The background information is obtained from
HWM07 and MSISE00, and the inertia frequency and the Rossby parameter are determined by the latitude
of wave position. The time step of numerical integration is taken to be 0.5 h, then the raypath is calculated
by integrating backward in time. Figure 14 shows the raypaths in the longitude-height and longitude-
latitude sections through the numerical integration for 37 h from 0500 UT, 21 July to 1600 UT, 19 July.
The raypath is traced to be the height of 44.6 km over 62.2°S, 147.8°W after 37 h. Figure 15 presents the
zonal wind over 62.2°S, 147.8°W at 1600 UT, 19 July. We can see from Figure 15 that there is an austral
winter stratospheric jet with a maximum wind velocity of about 66ms!1 at the height of around 37 km,
and the wave locates in the jet region and is close to the jet center. Although we do not carefully

Figure 9. Downward propagating waves in (top) zonal wind, (middle) meri-
dional wind, and (bottom) temperature.
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Hodograph Analysis

upward downward

Huang et al. JGR 2017

5.4 h IGW. For a quasi-monochromatic wave, the occurrence of convective instability generally follows the
dynamical instability [Fritts and Isler, 1994], while this scenario does not always occur for the superposition
of multiple waves. In this way, the instability due to the superposition effect may play a significant role in
wave amplitude constraint in the MLT since perturbations with different scales commonly overlap with
each other in the atmosphere. At present, the effects of GW parameterization on the mean flow drag
do not include this instability arising from the superposition; thus, a more sophisticated
parameterization scheme of GWs should be developed to parameterize the saturation and instability of
multiple-wave superposition.

5. Summary

In this paper, the IGW activities in the MLT are studied based on the ALO Na lidar observations from 2330
UT, 20 July to 1012 UT, 21 July 2015. An upward propagating IGW and a downward propagating IGW are
simultaneously observed. The ground-based periods of the upward and downward propagating IGWs are
about 5.4 h and 4.8 h, respectively. The maximum amplitude of the 5.4 h IGW is about 18.5 and 28.5ms!1

in the zonal and meridional winds and 15.3 K in the temperature, respectively. In comparison, the 4.8 h
IGW is weak. Both the spectral analysis and phase propagation indicate that the 5.4 h wave has a vertical
wavelength of about 10.9 km. The vertical wavelength of the 4.8 h wave is about 22 km, derived from the
phase evolutions. The hodographic technique is used to determine the horizontal propagation directions
of the two IGWs. The 5.4 h IGW propagates in the direction of about 23° west of north, while the 4.8 h IGW
propagates northward with an azimuth of about 20° clockwise from north.

We roughly estimate the intrinsic frequencies and horizontal wavelengths of these IGWs by combining the
GW dispersion relation with the Doppler shift equation. The upward propagating IGW has a horizontal wave-
length of 935 km. It propagates along the background wind of about 10.9ms!1 in its horizontal propagation

Figure 12. Temporal hodographs of zonal and meridional wind perturbations for 4.8 h wave. The star, square, and triangle
are at 0, 1, and 2 h, respectively. The green arrow along themajor axis of ellipse denotes the assumed propagation direction
of the wave, and the red arrow denotes the realistic propagation direction.
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wind [Yeh and Liu, 1974; Huang and Zhang, 2006]. Since the ground-based frequency and vertical wavelength
derived from the spectral analysis are the averaged values over the whole observational time and space
domain, here we also neglect the temporal and spatial variabilities of the background fields to roughly
estimate the intrinsic frequency and horizontal wavelength based on equations (3) and (4) by using the
averaged background wind, buoyancy frequency, and scale height over the whole time and space domain.
The zonal wind, meridional wind, and temperature in Figure 1 observed by lidar are averaged to be
!11.3ms!1, 7.1ms!1, and 189.5 K, respectively, which are in good agreement with those derived from the
fitted background values. The horizontal wind velocity U in the wave propagation direction is calculated to
be 10.9ms!1. The gravitational acceleration is g= 9.5ms!2 at about 90 km over 30.3°S; subsequently, the
averaged scale height and buoyancy frequency are calculated to be about H= 5.7 km and
N= 2.1× 10! 2 rad s!1, respectively. Accordingly, the intrinsic period and horizontal wavelength are about
6.9 h and 935 km derived from equations (3) and (4), respectively, and then, the intrinsic horizontal and
vertical group velocities are calculated to be 34.5ms!1 and 0.4ms!1, respectively. We can also estimate
the intrinsic frequency based on the ratio of horizontal kinetic energy to potential energy of the IGWs
[Geller and Gong, 2010]. By using the fitted amplitudes, the averaged horizontal kinetic energy and
potential energy between 84 km and 103 km are calculated to be 133.2 Jkg!1 and 117.9 Jkg!1,
respectively. Thus, the intrinsic period is determined to be 6.7 h, which approximately equals the value of
6.9 h derived from the dispersion relation and Doppler shift equation.

3.3. The Downward Propagating IGW

The downward propagating perturbations extracted by the two-dimensional filtering are shown in Figure 9.
Similar to Figure 3, Figure 9 illustrates that a quasi-monochromatic IGW with clearly upward phase progres-
sion dominates the perturbation filed. Figures 10 and 11 present the Lomb-Scargle frequency and wave
number spectra of the perturbations, respectively. Relative to Figures 4 and 5, it can be seen from

Figure 7. Temporal hodographs of zonal and meridional wind perturbations for 5.4 h wave. The star, square, and triangle
are at 0, 1, and 2 h, respectively. The green arrow along themajor axis of ellipse denotes the assumed propagation direction
of the wave, and the red arrow denotes the realistic propagation direction.
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Nonlinear GW Model
C. Heale & J. Snively
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Gravity Wave Partial Reflection through 
Evanescent Layers

Lidar T & W
band-pass filtered

B. Cao

Cao et al. JGR 2016 



Unstable Regions 20170422



Gravity Wave and 
Turbulence Spectra

Average of 150 hr Lidar measurements
photon counts at 6-s, 25-m resolutions Gardner and Liu, JGR 2014

Guo et al. GRL 2017
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Turbulence Heat Flux and Energy Dissipation
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Extending Na Lidar 
Measurement into the 
Lower Thermosphere

Liu et al. GRL 2016



Thank you!
Summary

• ALO is an excellent MLT observatory
• With year-round clear sky and high altitude
• Na lidar and correlative instruments are making comprehensive 

measurements of the MLT region at unprecedented detail
• The high quality data enable new science studies into smaller scales 

and higher altitudes

• ALO is well equipped to investigate
• detailed gravity wave propagation and dissipation processes,
• instabilities processes and turbulence energy dissipation
• vertical transport by gravity waves and turbulence, and
• provide neutral wind & temperature measurements into the lower 

thermosphere



Thank you!
Future Plan

• Increase operation hours with local operators (>100 nights/year)
• Further increase Na lidar signals
• Flexible campaign schedule to accommodate community needs



http://lidar.erau.edu/



https://www.facebook.com/andeslidar/


