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Gravity Wave Ducting Observed in the Mesosphere Over
Jicamarca, Peru

Gerald A. Lehmacher!
Christopher J. Heale*

, Erhan Kudeki?'"', Pablo M. Reyes*3'", Kiwook Lee?,

, and Jonathan B. Snively*

IDepartment of Physics and Astronomy, Clemson University, Clemson, SC, USA, 2Department of Electrical and
Computer Engineering, University of Illinois at Urbana-Champaign, Urbana, IL, USA, 3SRI International, Menlo Park,
CA, USA, *Department of Physical Sciences, Embry-Riddle Aeronautical University, Daytona Beach, FL, USA

Abstract Short-period gravity waves are ubiquitous in the mesosphere, but the vertical structures of
their perturbations are difficult to observe. The Jicamarca 50-MHz very high frequency radar allows
observations of winds and turbulent scatter with high temporal and vertical resolution. We present a case
of a quasi-monochromatic gravity wave with period 520 (+40) s that is likely ducted below a southward
wind jet between 68 and 74 km. Above this layer of evanescence, a northward wind enables it to emerge
into a more stable layer, where it is refracted to a short vertical wavelength of 2.2 (+0.2) km; data show
evidence of weak nonlinearity, and possible overturning or partial reflection from higher altitudes, above
the observable region, in the form of a standing wave structure in vertical velocity at approximately 75 km.
Based on the dispersion relation, and with help of a two-dimensional model, we determine that most likely
the wave is propagating northward and is being ducted below and tunneling through the regions of
evanescence created by the wind flow and typical mesospheric thermal structure. This is the first time that
such an event has been identified in the Jicamarca mesospheric echoes, and it is distinct from
Kelvin-Helmholtz billows also commonly seen with this sensitive radar—instead apparently revealing
tunneling of the gravity wave through ambient winds.

1. Introduction

Atmospheric gravity waves (GWs), also known as buoyancy waves, provide an important mechanism to
carry fluxes of energy and momentum from the lower atmosphere into the middle and upper atmosphere
and, specifically, the mesosphere and lower thermosphere. A growing number of observations, mostly from
airglow imagers, find evidence that mesospheric GWs frequently travel in (and out of) ducts formed by the
background temperature or wind structure. These ducted waves may appear thousands of kilometers hor-
izontally removed from their sources in the lower atmosphere (Hickey, 2001; Pautet et al., 2005; Snively
& Pasko, 2003; Taylor et al., 1997; Walterscheid et al., 1999). A study by Isler et al. (1997) suggests that at
midlatitudes 75% of the observed waves may be ducted, while observations at a southern high-latitude site
found only 5% of ducted waves (Nielsen et al., 2012); however, Snively et al. (2013) found that many more of
those waves are likely ducted albeit with boundaries outside of the observable layer. An abundance of meso-
spheric bores have also been reported at high latitudes (Pautet et al., 2018). The equatorial and low-latitude
mesosphere is characterized by long-period inertia-gravity waves and tidal motions with large amplitudes
providing conditions for wave ducting in narrow vertical regions. Measured short-period oscillations of the
vertical wind at low latitudes have been associated with ducted waves directly (Fritts et al., 1992; Fritts &
Janches, 2008).

GWs may encounter thermal ducts (regions typically within a local maximum in the buoyancy frequency),
Doppler ducts (regions with boundaries created by Doppler shift), or a combination of such conditions
(Chimonas & Hines, 1986; Eckart, 1961; Fritts & Yuan, 1989). Waves are also subject to leakage, reflection,
and refraction at the boundaries (Hickey, 2001; Nappo, 2012) and may tunnel through the evanescent lay-
ers surrounding the duct (Simkhada et al., 2009; Sutherland & Yewchuk, 2004). Modeling suggests that
wave energy is more effectively transmitted over large horizontal distances in the stratosphere by ducting
(Heale et al., 2014). Fritts and Yuan (1989) suggested that multiple and variable ducting conditions may
enable a “quasi-random vertical transfer of wave energy at high intrinsic frequencies” from the lower to the
upper atmosphere. Many observations of GW ducting in the mesosphere are based on imaging of one or two
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Figure 1. Signal-to-noise ratio (SNR) observed in vertical beam on 30 September 2015 between 11 and 12 LT. The
vertical and temporal resolution are 150 m and 8.64 s, respectively. The faint stripes in the background are likely due to
a time-varying interference signal from a very high frequency radio station, which still remained after signal decoding
and processing.

airglow emission layers, especially the hydroxyl (OH) layer around 87 km and the oxygen (OI) layer around
96 km. Analysis of consecutive 2-D images yields horizontal wavelength, propagation direction, apparent
frequency, and wave speed. The conditions for vertical wave propagation, namely, the vertical wavenumber
m based on linear GW theory, can be calculated if wind and temperature profiles are known. Simkhada et al.
(2009) presented an observational and modeling study of ducted waves over Hawaii based on airglow inten-
sity maps and combined them with meteor radar horizontal wind profiles. Bossert et al. (2014) combined
OH airglow temperature maps with winds, temperatures, and density perturbations from sodium lidar to
study a GW ducting event at high latitudes. Cao et al. (2016) analyzed airglow intensity combined with tem-
perature and vertical wind structures from sodium lidar at midlatitudes and compared them with a model
simulation of a GW packet propagating through multiple ducts. Noctilucent or polar mesospheric clouds are
also a well-known tracer for GW activity. A study of images obtained with the CIPS instrument on the AIM
satellite revealed many waves primarily with horizontal wavelengths of less than 100 km, some of which
may have been ducted (Chandran et al., 2009).

Vertical wind measurements with ultrahigh frequency or very high frequency (VHF) Doppler radars are
another important method to study GW motions in the mesosphere. Coherent short-period oscillations
with frequencies, w ~ N, have been reported since early measurements (Miller et al., 1978; Woodman &
Guillen, 1974) and have been associated with ducted wave motions (Fritts et al., 1992). Hoppe and Fritts
(1995) analyzed vertical motions in polar mesospheric summer echoes obtained with the 224-MHz Euro-
pean Incoherent Scatter radar at 0.2-s resolution and found periods with prominent ducted wave activity.
A study by Fritts and Janches (2008) using D region incoherent scatter (ISR) spectra and radial velocities
from a dual-beam experiment with the Arecibo ultrahigh frequency radar suggested several regions of wave
ducting in the middle mesosphere.

Here we present new high-resolution observations from the Jicamarca VHF radar in Peru. A short-period,
quasi-monochromatic wave event in the middle mesosphere lasting about 1 hr was observed in the backscat-
ter signal and wind components. The aim of this paper is a detailed analysis of the wave propagation in
relationship to the background wind profile that is measured at the same time by the same instrument. Our
data suggest that the wave is likely trapped in a deep layer, bounded by a region of evanescence, the depth of
which is fully measured, while also leaking out at the top of the layer giving rise to a wave that is phase shifted
and propagating upward (and possibly ducted as well, depending on the state of the mesopause above). This
is the first time that such an event has been identified in such detail in the low-latitude daytime mesosphere
with the Jicamarca radar.

The paper is organized as follows: Section 2 describes the experimental setup and radar data processing, fol-
lowed by the observations of backscatter signal and vertical and horizontal wind profiles in section 3. Section
4 discusses the propagation conditions and presents modeling results that best match the observations.
Section 5 contains the summary and conclusions.

2. Experiment

The 50-MHz radar at the Jicamarca Radio Observatory in Peru (12°S, 75°W) was operated in the
mesosphere-stratosphere-troposphere-incoherent-scatter-radar-equatorial-electrojet (MST-ISR-EEJ) mode,
which alternates between three sets of pulses; (1) 64-baud (64 x 1us) complementary-coded pulses for weak,
coherent echoes from the mesosphere, stratosphere, troposphere and the 150-km region (MST); (2) 3-baud
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Figure 2. Signal-to-noise ratio (SNR) observed with all four beams. Same time interval as in previous figure, but time
resolution is 60 s.

(3 x 100us) Barker-coded pulses for F ISR; and (3) 1-us uncoded pulses for strong EEJ echoes. It is an exten-
sion of the previous MST-ISR mode (Guo et al., 2007; Lehmacher et al., 2009). Here were use only data from
mesospheric altitudes sampled in the MST mode.

The antenna was configured with four beams pointing (1) vertically, (2) about 2.5° eastward and (3) west-
ward (both perpendicular to the magnetic field) and (4) about 3.4° southward. An antenna diagram is shown
in K. Lee et al. (personal communication, 2018). Complex voltages were sampled at 1 us corresponding to a
nominal range resolution of 150 m. Doppler spectra were formed with different integration times; here we
use 8.64 s for signal-to-noise ratios (SNRs) and 60 s for spectral fitting with generalized Gaussian functions
to determine line-of-sight (LOS) Doppler velocities and spectral widths (Sheth et al., 2006). New algorithms
for more robust identification of the correct Doppler peak and the linear combination of the four LOS veloc-
ities to determine zonal, meridional, and vertical wind components are described by K. Lee et al. (personal
communication, 2018).

Operation with peak pulse power of up to 2 MW at a duty cycle of 5% permits the detection of very weak
mesospheric echoes caused by refractive index fluctuations at the 3-m Bragg scale. Radar cross sections (or
volume reflectivities) of < 107 m~3 can be observed, which is still ~100 times larger than the incoherent
scatter based on typical D region electron densities (Lehmacher et al., 2009; Woodman & Guillen, 1974). The
reflectivities are generally consistent with neutral turbulent fluctuations across electron density gradients
and stable temperature gradients (Lehmacher et al., 2009).

Data were collected in the MST-ISR-EEJ mode during several continuous 4-day periods since 2014. Here we
present a GW event observed on 30 September 2015 between 11 and 12 hr local time (LT).
3. Observations

Figure 1 shows the SNR for the vertical beam between 11 and 12 hr LT at 8.64-s resolution. Please note that
the time axis and times throughout this paper are specified in decimal fractions of hours. A narrow scattering
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Figure 3. Line-of-sight (LOS) velocities derived from spectral fitting for all four beams. Velocities range from —6 to
+6 m/s.

layer is detected between 74 and 75 km. It is undulated with an apparent period of T = 520 (+40) s and a
peak-to-peak amplitude of about 450 m (about three samples at 150-m resolution). Additionally, there are
downward sloping lines above the layer spaced at a similar period. At 11.5 LT, the downward sloping line
seems to emerge near a layer valley. The period was estimated from 10 observations of features such as con-
secutive crests and valleys. The downward sloping line could indicate positions with constant phase caused
by an upward propagating GW, although the perturbation does exhibit some nonlinearity, due to finite
amplitude, that can also suggest tendency toward instability and wave overturning. Under the assumption
that the features above the layer remain stable and are not associated with instability, the phase descends
at 4.2 m/s, suggesting an upward propagating wave with vertical wavelength 4, = 2.2(+0.2) km above the
sinusoidal layer.

The same event can be observed in all four beams in similar form as shown in Figure 2. These data were
integrated over 60 s, which increases the SNR. The backscatter signal is strongest in the vertical beam and
smaller in the off-vertical beams likely due to aspect sensitivity of the scattering process (Fukao, 1980; Sheth
et al., 2007). The beams (beamwidth is 1°) illuminate at 75 km an area with about 1.3-km diameter. The
east and west beams are about 3.2 km separated from the vertical beam and the south beam about 4.5 km.
Note that the wavelike modulation of the strong scattering layer is largely in phase over these small beam
separations. Larger differences are most notable in the south beam around 11.7 LT.

The LOS velocities for the three oblique beams (east, west, and south) are dominated by the vertical wind
component due to their small off-zenith angles (Lee et al., 2019). This is even more so than for the dual-beam
Arecibo data discussed by Fritts and Janches (2008). Figure 3 shows all four LOS velocities for the same time
and range interval as in Figure 2. Despite some noise in the data, the phase coherence with the LOS velocities
from the vertical beam can be observed between 11.4 and 11.6 LT where vertical winds are strongest. This
is the same interval where the sinusoidal modulation of the scattering layer is most clearly visible. Again,
we note deviations or a phase shift in the south beam LOS velocities around 11.7 LT. For our analysis of
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Figure 4. (top) Line-of-sight (LOS) velocities for vertical beam at 60-s resolution. (bottom) Velocities in vertical beam
at two specific altitudes indicating phase shift. For more details see text.

the wave properties (see next section) we will concentrate on the interval between 11.4 and 11.6 LT where
we have coherent oscillations for all four beams. This coherence suggests that the horizontal wavelength is
larger than the beam separation but remains unspecified. In the next section we will estimate the horizontal
wavelength based on the observed parameters and the GW dispersion relation.

Figure 4 shows again the LOS velocities for the vertical beam. The LOS velocities in the vertical beam are
virtually identical to the vertical wind (see also Figure 5). The red crosses indicate the maximum reflectivity
in part of the sinusoidal scattering layer and also in the downward sloping layer seen in Figures 1 and 2. At
and below the narrow scattering layer, the vertical wind oscillates at a constant phase and with the same
period of T = 520s, but it leads the vertical displacement by 120 s or ~90° (Figures 1 and 2). This is expected
if we assume a simple harmonic motion w(t) = dz/dt ~ (d/dt) z, sin wt = wz, cos wt = wz, sin(wt + /2).
The observed maximum vertical speed of 2-3 m/s is consistent with wz, using the amplitude z, = % -450 m
shown in Figure 1. The bottom panel of Figure 3 shows the wind at 74.82 km (blue line) and at 75.57 km
(orange line). This is consistent with the assumption that just above the scattering layer the phase of the
vertical wind descends in time consistent with an upward propagating wave (although data indicate possible
evidence for standing wave features, as well, which are discussed in section 4.1). It is also interesting to note
that the downward sloping line of maximum scattering (marked by the red crosses) coincides approximately
with the phase for zero vertical wind.

Figure 5 shows the three components of the wind calculated from the linear combination of the four LOS
components and rotation into geographic coordinates (K. Lee, personal communication, 2018). The time
axis is the same as in the previous figures, but the vertical range extends from 66 to 77 km, well below the
sinusoidal layer at 75 km. The zonal wind is mostly eastward during this hour. This is highlighted in the
median values for the period from 11.4 to 11.6 LT, which vary between 20 and 40 m/s, and are shown on the
right. The red lines are the standard deviation for each height with more than four data points during this
12-min interval. The meridional component is southward between 68 and 75 km with a relative maximum
of ~50 m/s near 71 km. Above 75 and below 68 km, the meridional component is close to 0. At the top of
this domain, the wind has a small northward component. Therefore, there exists a strong meridional wind
shear of ~40 m-s~!-km~! (which with a typical N> ~ 4 x 10~*s~2 results in an unstable Richardson number
Ri= i)

The vertical winds include the pattern that was already shown in Figure 4 and demonstrates that the stand-
ing oscillatory pattern extends from 75 km down to 68 km throughout the region of southward meridional
winds. The average vertical wind is approximately 0, but individual profiles near 11.45 and 11.55 LT (marked
by the red and blue dots in Figure 5, bottom) emphasize the periodic change in direction. Vertical speeds
are small (below 1 m/s) at 69 km and grow to maximum values (2 to 3 m/s) at the interface layer at 75 km;
these variations are consistent with growth due to decreasing ambient density.

The horizontal winds were derived under the assumption that the wind field is homogeneous across all four
beams, that is, over a separation of up to 6 km. This is much smaller than in the experiment at Arecibo,
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Figure 5. (left column) Zonal, meridional, and vertical wind components for same time interval, but for altitudes 66-77 km. (right column) Individual data
points and median wind profiles for zonal, meridional, and vertical components. Details see text.

where the beam separation was 14 km. Fritts and Janches (2008) observed out-of-phase oscillations between
the LOS velocities and explained that they were caused by out-of-phase horizontal wind fluctuations from
a GW motion with short horizontal wavelength of at least 28 km and trapped in a Doppler duct. While our
mean horizontal winds are largely consistent within the 1-hr period presented here, we must understand
the large variance and oscillatory pattern, especially in the layers at 70 and 72 km after 11.6 LT. It has been
known for many years that vertical wind fluctuations may introduce errors and biases to horizontal wind
measurements (Kudeki et al., 1993). This is especially the case for Doppler beam wind measurements at
Jicamarca due to the very small off-zenith angles (Fritts et al., 1992). For example, a 1-m/s LOS wind in a
2.5° off-zenith beam can be caused by a 1-m/s vertical wind or a 22-m/s horizontal wind. Such fluctuations
in the horizontal wind components match also our observations. Therefore, we use the horizontal wind
components only as estimate for the mean background wind profile, which is indicated by the red dots in
Figure 5 (except for a few outliers).

LEHMACHER ET AL.

5171



~1
AGU

100 Journal of Geophysical Research: Atmospheres 10.1029/2019JD030264

4. Discussion and Modeling

4.1. Observed Wave Parameters

The observations suggest the presence of a quasi-monochromatic GW with apparent period 2z /w = 520 s.
Based on the vertical winds, below 75 km, the wave has a very long vertical wavelength (evanescent or near
evanescent) or is likely ducted. Above 75 km, a wave emerges with the same period and a very short vertical
wavelength of A, = 27/m = 2.2 km, that again may also likely be subject to ducting due to reflections at
higher altitudes—indeed, there is some evidence of standing wave structure in the vertical wind field in
Figure 5, bottom panel, visible about ~75 km and 11.6 LT. We also know the horizontal background wind
profile, and, in the following, we try to explain the observations based on the dispersion relation for linear
GW. This is further demonstrated by a numerical simulation that tests the hypothesized interpretation, for
comparison with data.

The local vertical wavenumber m of a GW with intrinsic frequency & (with @* > f?2) can be calculated from
the Taylor-Goldstein equation (Nappo, 2012):

2= N kU 1 kduy G, 1

o Tode Hod © ap ®

where N> = (g/T)(dT/dz + T,4) is the buoyancy frequency and H = RT/(Mg) is the pressure scale height.
The wave is propagating horizontally with wave number k, and u, is horizontal wind component along the
propagation direction. The intrinsic wave frequency is Doppler shifted as

&= — ugk @

and the horizontal phase speed in propagation direction is ¢ = ¢ —u, = w/k —u,. N* and H can be estimated
from the MSIS model for the particular time and location (Picone et al., 2002). At 74 km, we find T, =
2z /N = 316sand H = 6.2km, and for the following estimation, we treat these parameters as constants.

The second and third terms in the dispersion relation include the wind curvature and wind gradient along
the propagation direction. They are equal to zero for constant background wind; however, for small-scale
GWs and strongly varying background winds, like in our case, they are important for determining vertical
propagation. The last term is usually small compared to the other terms. To quantify our statements about
the different terms, we use the observed @ = 2z/520s and horizontal wind profiles and, as reasoned below,
northward wave propagation with k = 2z /16km. For 75.5 km and meridional wind 15 m/s, the five terms
in equation (1) are 1.7-107%, —3.1-1077, —=5.6- 1078, —1.5-1077, and 6.5 - 10~°m™2, respectively. For this set
of parameters, the first term is dominant and m? = 1.2-107%m~2, corresponding to a vertically propagating
wave. Note that the vertical wavenumber and wavelength depend strongly on the choice of k and u,, via the
term (%’ — uy)? in the denominator of the leading term. Here it is only important that m?> > 0 in a narrow
region above 75 km.

Next, we argue that the observed short wave period must be strongly Doppler shifted. To illustrate this, let us
assume that there was no background wind. In this case, m? = % —kK*+ ﬁ, and, with observed m and w,
the horizontal wavelength would be only 2.8 km, or k = 2z /(2.8km). Such a short wavelength contradicts
the fact that the four horizontally spaced beams observed no significant phase shift in the wave pattern.

Now we assume that wave propagation is purely in zonal direction (which we will contradict). From Figure 4
we estimate a zonal background wind of about +25 m/s. The dispersion relation suggests that for a vertical
wavelength of 2.2 km (derived from the phase line), the horizontal wavelength should be ~16 km. How-
ever, the zonal background wind is positive and relatively constant throughout the region from 66 to 76 km,
while we clearly see the vertical wave propagation change at 75 km. Therefore, we conclude that the hori-
zontal wave vector must have a meridional component and the wave propagation responds to the changing
meridional background wind. A meridional propagation is also consistent with the observed differences in
the echoes from the south beam compared to the other beams (Figure 2).

From Figure 5, we notice a small northward component of the horizontal wind above 75 km, where the
wave exhibits vertical phase progression. The dispersion relation yields for pure meridional propagation
and values u, = 415 m/s and 4, ~ 1lkm, the approximate measured value for the vertical wave-
length, 2.2 km. However, the wave vector may also include a small zonal component. For example, with
both background wind components, as estimated above, a wave with horizontal wavelength 14.9 km and
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Figure 6. Profiles of (a) horizontal wind and temperature used for the model simulations, along with (b) estimated
vertical wavelength and Richardson number, showing layer of evanescence and near instability.

propagating 17° clockwise from north would also match the observed vertical wavelength of 2.2 km. Unfor-
tunately, we cannot fully specify both wavenumber components based on our limited radar observations.
Depending on propagation azimuth, horizontal wavelengths between 14 and 20 km appear plausible. For
simplification of the modeling study, we assume a northward propagating wave with 4, = 16km and
c=M4/T =w/k, = +30.8m/s.

The observed meridional wind profile between 67 and 75 km contains a strong southward jet, leading to
(when combined with typical temperature profiles) a region of evanescence (i.e., m?> < 0) between 73 and
74 km that contributes to the reflection and ducting of the GWs (Nappo, 2012). Also note that the wave
phase speed c is always larger than u,(z), so that critical levels are not encountered outside of the opposing
wind jet. In order to evaluate the vertical propagation, the curvature term of the dispersion relation must be
included. It provides positive values for m? near the maximum of the wind jet, so that upward and downward
propagation of wave energy can occur, forming a standing wave pattern between 66 and 74 km with large
vertical wavelength when subject to evanescence and reflection ~74 km.

4.2. Modeling Results

We further examine the wave propagation with help of a numerical model, using an idealized wind pro-
file that is fit approximately to data. A nonlinear, two-dimensional numerical model was used to simulate
the observed GW processes (Snively et al., 2013; Snively & Pasko, 2008, and references therein). The model
has been used extensively to investigate the propagation, dissipation, and interaction of GWs in the meso-
sphere and lower thermosphere and for comparisons with observed data (Cao et al., 2016; Heale et al., 2014;
Simkhada et al., 2009). The background meridional wind profile (Figure 5) was modeled with a Gaussian
centered at 71 km, a maximum southward wind of 50 m/s, and turning northward below 69 and above 75 km.
The temperature and buoyancy frequency profile were taken from the MSIS model (Picone et al., 2002). It
is noteworthy that a directly measured temperature structure would enable a higher fidelity simulation, but
for the particular case the winds are sufficiently strong to dominate the evolution of the observed waves.
Figure 6 shows the resulting wind and temperature profiles.

Figure 6 also shows the resulting propagation characteristics for the hypothesized wave of interest, revealed
via vertical wavelength and Richardson number. While intuition might suggest that the strong opposing
wind would be the primary cause for evanescence, both the gradient and also the thermal structure con-
tribute to the wave's refraction and subsequent partial reflection beginning near 73 km (again, see vertical
wavelength plotted in Figure 6). The red lines in the graphs of Figure 6b show the background-dependent
vertical wavelength based on the dispersion relation. Ducting conditions exist between ~ 67 and 73 km (the
inflection points of the wind profile, for which 0*u,/dz* = 0, are at 69.3 and 73.4 km), bordered by a narrow
upper region of evanescence (m?> < 0) between 73 and 74 km. Above 75 km, the wave propagates verti-
cally again and the vertical wavelength becomes smaller due to the changing background wind. As the wind
changes northward, (c — u,) becomes smaller, and the first term in the dispersion relation causes m to grow
(and the vertical wavelength to shrink).

Using a simple quasi-monochromatic source that generates a wave with the observed characteristics, we
investigate the resulting measurable signatures in this environment. The wave was launched at 50-km
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Figure 7. Modeling case with wave ducting, evanescence, and propagation into a region of stronger northward flow.
Shown is the evolution of three wind parameters at a fixed location as they evolve over time: (a) total horizontal wind,
(b) horizontal wind perturbation, and (c) vertical wind perturbation. Also shown are the perturbations to an idealized
tracer layer (d) at ~75-km altitude.

altitude, with a 16-km horizontal wavelength, and a 520-s dominant period (locally, this leads to a ~15-km
vertical wavelength); it propagates northward with ¢ = +31 m/s opposite to the southward wind jet. Figure 7
shows simulated background wind (a), horizontal (b), and vertical (c) wind perturbations as sampled at a
fixed horizontal location along the propagation path as they evolve over time. Also shown are the resulting
density perturbations to a prescribed layer in panel (d), which exhibits evidence of slight nonlinearity; the
displacement amplitudes are approximately consistent with those measured. Note that this layer is specified
ideally to visualize the vertical perturbations imposed by the wave and is not consistent with a physical scat-
tering layer. These features (in velocity and displacement) agree reasonably with the data and support the
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interpretation that the waves observed are passing through a region of near evanescence, below which they
are likely ducted. At higher altitudes, above the stable region ~75-76 km, the model again finds reduced
stability, which may increase tendency toward partial reflection; while this cannot be confirmed due to
unavailability of data, the measured vertical velocity in Figure 5 also shows some evidence for standing wave
features at 75-km altitude. The differing amplitudes of horizontal wind perturbations in model versus data
are consistent with the likely error associated with the measurement of the short-period wave dynamics, as
discussed above.

It may be reasonable to speculate that the observed waves could have been generated in situ by larger-scale
(wave) dynamics, for example, Heale et al. (2017), noting that the Richardson number is rather low in the
shear layer ~74 km, as seen in Figure 6b above the layer through which the wave was evanescent. However,
the data are insufficient to determine this, as they exhibit considerable variability due to the state of the
scattering regions that precludes assessments of larger-scale dynamics. The particular event is quite coher-
ent and has a horizontal scale large enough to be reasonably explained as an ambient ducted gravity wave
propagating through the vertically structured atmosphere. Thus, both data and modeling support that the
wave is tunneling through a region of evanescence and entering a second more stable region above ~74 km,
where it may continue to propagate freely and/or become subject to partial reflection by mesopause region
structure.

The simulations also demonstrate how vertical wind amplitudes are large in the less stable ducting region
below the layer of evanescence and weaker (in accordance with the polarization relation) for more stable
regions through which they propagate above. This agrees with our wind data (Figure 5); however, the tran-
sition is much sharper in our observations than in the model, which uses relatively smooth profiles. On the
other hand, horizontal wind perturbations appear larger for the wave emerging from evanescence at higher
altitudes than for the lower (ducted) wave in the model. Unfortunately, this cannot be compared definitively
with our observations. While horizontal wind estimates are considered robust when averaged over half an
hour, short-period horizontal wind fluctuations may be less accurate due to small off-zenith angles for all
beams as explained above, especially in the presence of strong periodic vertical wind perturbations.

5. Summary and Conclusions

Short-period vertical wind oscillations in the mesosphere have been observed by VHF radar for a long time
(Miller et al., 1978; Woodman & Guillen, 1974) and ducting of GWs at Jicamarca radar has been first sug-
gested by Fritts et al. (1992). This is the first detailed study of a short-period GW at Jicamarca as it encounters
varying background conditions causing a drastic change in vertical wavelength and propagation.

Our observed wave parameters match typical results derived from airglow imaging, lidar, and modeling
studies. The observed period was 520 s (8.7 min), the vertical wavelength for the propagating wave was
as small as 2.2 km, and the horizontal wavelength was between 14 and 20 km. (We used 16 km for the
modeling case.) While we are less certain about the propagation direction and phase speed, Simkhada et al.
(2009) reported many examples of wave ducting with similar periods (8-11 min), horizontal wavelengths
(16-20 km), and phase speeds (25-50 m/s). Our observations are consistent with this, and the GW dispersion
relation, and also supported by model simulations. Overall, results suggest that the wave exhibited a short
horizontal wavelength and propagated northward in a ducting region associated with a sheared wind flow.

Our case confirms that ducted waves are readily able to tunnel through regions of evanescence, leading
to wave energy and momentum leaking into the layers above (e.g., where they may become dissipated or
ducted). Fritts and Janches (2008) also presented clear evidence for wave ducting in the mesosphere based
on wind measurements with the Arecibo radar, while other recent observations of mesospheric wave duct-
ing come from nighttime airglow and lidar techniques (Bossert et al., 2014; Cao et al., 2016). The discovery
of this event was made possible by studying Jicamarca mesospheric echoes at 8.64-s resolution, which has
not been done in the previous studies. The combination of backscatter signal and wind profiles was crucial
in detecting the behavior of the wave at the ducting interface. The observation of a thin, modulated layer and
vertical phase propagation is distinct from the other processes often observed in mesospheric echo layers,
which have been attributed to Kelvin-Helmholtz instabilities (Lehmacher et al., 2007). On the other hand,
the dynamics measured at the top of the layer, where the GW vertical scales are reduced by northward flow
and varied stability, also revealed evidence for weakly nonlinear wave dynamics that may have contributed
to turbulence and the 3-m-scale irregularities that contribute to radar scattering. While mesospheric layers
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present a rich laboratory for small-scale wave and instability dynamics, these daytime interpretations could
be much aided by high-resolution observations of other parameters, such as temperatures and electron
densities.
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