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Abstract We present and characterize in time and three spatial dimensions a Kelvin-Helmholtz
Instability (KHI) event from polar mesospheric summer echoes (PMSE) observed with the Middle
Atmosphere Alomar Radar System. We use a newly developed radar imaging mode, which observed PMSE
intensity and line of sight velocity with high temporal and angular resolution. The identified KHI event
occurs in a narrow layer of 2.4 km thickness centered at 85 km altitude, is elongated along north-south
direction, presents separation between billows of ~8 km in the east-west direction, and its billow width
is~3 km. The accompanying vertical gradients of the horizontal wind are between 35 and 45 m/s/km and
vertical velocities inside the billows are +12 m/s. Based on the estimated Richardson (<0.25), horizontal
Froude (~0.8), and buoyancy Reynolds (~2.5 x 10* ) numbers, the observed event is a KHI that occurs
under weak stratification and generates strong turbulence.

1. Introduction

In the mesosphere lower thermosphere (MLT) region, atmospheric instabilities account for wave dissipa-
tion, turbulence generation, and turbulent mixing. One of the most prominent MLT instabilities is the
Kelvin-Helmholtz Instability (KHI) that occurs preferentially on strong shear of the horizontal wind due to
gravity waves, tides, planetary waves, and mean flows. A necessary condition for KHI to occur is that the
Richardson number (Ri) is less than 0.25 (e.g., Miles, 1961). These instabilities play an important role in the
transport and deposition of energy and momentum (e.g., Fritts & Rastogi, 1985; Hecht, 2004; Hecht et al.,
2007; Thorpe, 1973).

KHIs in the MLT have been inferred from a number of ground-based instruments (e.g., Hysell et al.,
2012; Lehmacher et al., 2007) or characterized by using information from complementary instrumentation
(e.g., Hecht, 2004; Li et al., 2005). For example, ripples observed in airglow imagers have been associated
with KHIs and characterized with the aid of other supporting ground-based observations, for example, winds
from specular meteor radars (SMRs), medium frequency radars, or lidars. In most cases, one or two dimen-
sions of the events are not available. For example, in the case of airglow imagers, the vertical dimension is
not. To overcome the relative large thickness of the airglow layer of a few kilometers, high-resolution ground-
and balloon-based images of noctilucent clouds (NLCs) have been recently shown to be useful to study KHI
with high spatial and temporal resolution (e.g., Baumgarten & Fritts, 2014; Fritts et al., 2014, 2019).

The relatively limited number of observations of KHIs in the mesosphere show a wide variety of spatial struc-
tures and alignments with respect to the background wind. These observations are being complemented
with direct numerical simulations and large eddy simulations. The studies are particularly suitable for MLT
cases, since they are characterized by high Reynolds numbers, that is, ©(10%) (e.g., Fritts et al., 2014; Marino
et al., 2015). For example, the comparison of KHIs from NLC observations with numerical simulations indi-
cate a turbulent viscosity much larger (5 to 40 times) than the true kinematic viscosity at the NLC altitude
(e.g., Fritts et al., 2014).

In this work we quantify in four dimensions a KHI event observed in the polar mesosphere during summer.
This unique observation has been made with the Middle Atmosphere Alomar Radar System (MAARSY)
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Figure 1. Two-dimensional cuts of a PMSE example obtained on 17 July 2017 at 00:54:43 UT: horizontal cuts at 83.8, 84.6, 85.4, and 86.2 km altitudes in the
first row, respectively; and vertical east-west and north-south cuts at x = 0 and y = 0, respectively, in the second row. Doppler and signal-to-noise ratio (SNR)
are color coded. SW in the legend stands for spectral width.

located in northern Norway. The clear quantification is possible due to an improved radar imaging of Polar
Mesospheric Summer echoes (PMSEs) that utilizes a Multiple-Input Multiple-output (MIMO) approach
developed by Urco et al. (2018). Currently there is general consensus that PMSEs are generated by atmo-
spheric turbulence, but require the presence of free electrons and charged iced particles (e.g., Varney et al.,
2011 and references therein) to increase the signal-to-noise ratio of the echoes sufficiently to make them
observable with relatively low power atmospheric radars. Given that PMSE intensity depends on different
parameters (turbulence, electron density, ice-particle density, electron density gradients, etc.), for this work
we only rely in PMSE as tracer of the undergoing atmospheric dynamics.

The present paper is organized as follows. We first start with a brief description of the high-resolution
four-dimensional radar observations and examples of what can be measured. Then we present the wind
dynamics around the event under study, including a description of how the background winds are obtained.
The specific dynamics during the event and the KHI observations from PMSE are shown in section 4. We end
up with the quantification of the KHI event and the discussion of its parameters and atmospheric conditions.

2. High-Resolution Four-Dimensional Radar Observations

Mesosphere Stratosphere Troposhere radars are able to measure the neutral wind from Bragg scale (1/2)
atmospheric irregularities, where A is the radar wavelength (e.g., Woodman & Guillén, 1974). Tradition-
ally, they have provided atmospheric measurements with relative high temporal and vertical resolution
over a particular region (e.g., Fukao et al., 2011; Lehmacher et al., 2007; Luce et al., 2012). Using phased
arrays with electronic beam steering, modern atmospheric radars also provide horizontal information using
a multibeam approach (e.g., Fukao et al., 1985; Latteck et al., 2012; Sato et al., 2014). Although the horizon-
tal coverage is extended with this approach, the relatively long correlation time of atmospheric targets, the
effects of a truncated antenna aperture, and the way electronic phasing is done (i.e., from pulse to pulse), the
achieved angular and temporal resolutions have not been good enough to resolve atmospheric structures in
the scales of kilometer- and minute-resolution, at least in the mesosphere (e.g., Stober et al., 2018).
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Figure 2. Mesospheric dynamics obtained with Tromse and Andenes SMRs: (first column) Horizontal wind (U) magnitude and direction; (second column)
Magnitude and direction of the vertical gradient of the horizontal wind (dU/dz). PMSE altitudes are in between horizontal lines. The rectangle indicates the

time and altitude of a KHI event.

Besides the multibeam approach, in-beam radar imaging of ionospheric and atmospheric irregularities has
been implemented. In the case of ionospheric irregularities, most of the implementations have been suc-
cessful at separating spatial and temporal features (e.g., Hysell & Chau, 2006; Hysell et al., 2014). In the case
of radar imaging of atmospheric irregularities, previous efforts have obtained results with varying degrees of
success. In most cases, the procedures implemented (hardware and signal processing) were not good enough
to resolve spatial scales smaller than the beam width (e.g., Chau & Woodman, 2001; Yu et al., 2001). Sommer
and Chau (2016) using MAARSY with a wide beam transmitting beam and the Capon imaging technique,
were able to identify PMSE structures smaller than the beam width on a statistical basis.

Recently, Urco et al. (2019) introduced a new radar imaging technique that makes use of a MIMO approach
and a Maximum Entropy regularization technique. The MIMO approach has been implemented using time
diversity, that is, three different one sixth of MAARSY's full array were interleaved in time. On reception 15
smaller sections called hexagons were used. This combination resulted in an effective 50% larger receiving
aperture diameter than previous experiments, and 45 effective receiving channels. The achieved angular
resolution is close to 0.6° (i.e., 0.9 km at 85 km), at least 6 times better than using the multibeam approach
at MAARSY. More specific details of this implementation and other PMSE imaging examples can be found
in Urco et al. (2019).

In Figure 1 we show an example of a volumetric PMSE radar image using six different two-dimensional
cuts. There are four horizontal cuts at 83.8, 84.6, 85.4, and 86.2 km altitudes in the first row. The second
row contains two vertical cuts, an east-west cut at x = 0 km, and a north-south cut at y = 0 km. These
cuts were obtained on 17 July 2017 at 00:55:43 UT with 40 s of integration. The (x, y) coordinates are with
respect to the center of the MAARSY array. Doppler line-of-sight velocity information is shown with color.
Red represents velocities away from the radar (around —10 m/s) and blue velocities toward (around 10 m/s)
the radar. Green represents velocities close to zero. The maximum velocities displayed are +15 m/s. The
intensity of the colors represents signal-to-noise ratio (SNR) on logarithmic scale, following the convention
used in Urco et al. (2019).

Given that the obtained resolution is ~1 km in the horizontal direction at PMSE altitudes, most of the shown
features are of atmospheric origin. In the case of the central altitudes, the PMSE strengths are at least two
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orders of magnitude stronger than at the edges, allowing the observation of atmospheric dynamics associated
to weaker echoes and smaller-scale dynamics.

From Figure 1, we can see ripples in all four horizontal cuts, elongated in the y direction. The dimensions
of the billows associated to the ripples are 2.4 and 3.0 km in the z and x directions, respectively. Below we
describe in more detail the spatial and temporal characteristics around this event and discuss its origin in
terms of a KHI.

The temporal evolution of all these six two-dimensional cuts around the KHI event under study can be found
in Movie S1 that is included in the supporting information. Note that these types of observations have been
obtained during a larger special campaign in July 2017. A summary range-time-Doppler intensity plot of
the 32 hr of measurements obtained during this campaign can be found in Urco et al. (2019), Figure 2.

3. Background Wind Dynamics

The occurrence of KHI is related to the background dynamics. Specifically Ri less than 0.25 is a necessary
condition for KHI to occur, where Ri is a function of the horizontal wind, that is, Ri = N?/(dU/dz)?. Here
N is the Brunt-Viisild frequency, and dU/dz is the vertical gradient of the horizontal wind (U).

Although PMSEs are good tracers of the wind dynamics (e.g., Rapp et al., 2008), measurements can only
be obtained where there are PMSEs, and they are not present at all altitudes and times. To overcome this,
we have obtained the mean mesospheric winds by using measurements from two closely located SMRs,
specifically Tromse (19.22°E, 69.58°N) and Andenes (16.04°E, 69.27°N). The combination of both systems
allows us to have a higher meteor count and to obtain a zero-order Taylor expansion of the wind field (mean
winds) with temporal and vertical sampling of 5 min and 500 m, using windows of 1 hr and 2 km, respectively
(Chau et al., 2017). In order to observe the mean wind in a relatively localized region around the imaged
radar volume, we have used only meteors that occur within 120 km horizontal radius around MAARSY.

Figure 2 shows the obtained background wind dynamics around the time of the KHI event of interest in this
work. Specifically, we show the magnitude and direction of the horizontal wind (U), and the magnitude and
direction of the vertical gradient of the horizontal wind (dU/dz), in the first and second columns, respec-
tively. Eastward and northward directions are represented by 0° and 90°, respectively. PMSEs were observed
between the horizontal black lines in all four figures. The black rectangles indicate the time and altitude of
the KHI event below.

From a cursory look, the region within the rectangle is characterized by a strong westward wind at the
bottom and weak wind tending northward at the top. During this time, |U| is the smallest above this region.
As expected, the associated |dU /dz| is strong at the bottom of the rectangle. Note that there are other regions
of strong |dU/dz|, many of them not occurring at PMSE altitudes.

4. Results

In this section we focus on the altitude dynamics around 17 July 2017 at 0055 UT event using SMR winds, as
well as on the temporal and spatial evolution using high-resolution PMSE images, that is, around the KHI
event of interest.

4.1. Altitude Profiles of Dynamics

In Figure 2 we showed the general dynamics around (a few hours) the event in question. To quantify better
those dynamics, in Figure 3, we show the altitude profiles of the variables shown in Figure 2 in addition to
the zonal (1) and meridional (v) components. The profiles are color coded in time, around +60 min from the
KHI event. The values at the time of the KHI event are shown with diamonds. In this plot, the horizontal
lines indicate the altitude region of the KHI event.

The salient dynamical features at the central time of the event are as follows: (a) before the event u was
stronger and v weaker at the bottom than after the event, (b) the effective |dU /dz| was stronger before than
after the event at the bottom, 45 m/s/km compared to 35 m/s/km, (c) at the event the strong wind at the
bottom was westward, while at the top was to the north-west, (d) the direction of dU /dz changes significantly
from bottom to top. Therefore, the obtained |dU/dz| values are strong and might produce KHI. Below we
use these values to discuss the occurrence of a KHI event and its quantification.
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Figure 3. Altitude profiles of dynamics around the 17 July 2019 at 0055 UT over Andenes: u, du/dz, v, dv/dz, |U|, U direction, |dU/dz|, and dU /dz direction,
color coded in time (around +60 min. Diamonds indicate the profile closer to the KHI event. Horizontal lines denote the bottom and top of the event.

4.2. Temporal Evolution of 2-D Cuts

Figure 4 shows the temporal evolution of horizontal cuts at y = 0 and x = 0, respectively. These cuts are
shown for the same altitudes as the horizontal cuts presented in Figure 1, that is, 83.8, 84.6, 85.4, and 86.2
km, respectively. Doppler and SNR information are color coded with hue and intensity. This presentation
is similar to those used in airglow imagers (so-called keograms), but resolved in a narrow altitude layer and
with Doppler information included. The dotted lines represent the time and space cuts shown in Figure 1.

In all four altitude cuts there are organized ripples mainly drifting westward at ~30 m/s (i.e., 9 km in 5
min). Although we are combining Doppler and SNR information into one image, they are elongated in the
north-south direction with a length of at least 20 km (see second column). The width of each of the ripples
is less than 3 km (L,) along the propagation direction, and the separation between them ~8 km (4,). In the
transverse direction (i.e., NS), ~2-km structures (L) are observed, but not as clearly as the structures in the
EW direction. At the altitude edges (i.e., 83.8 and 86.2 km), the ripples are more clearly observed than at
the center altitudes where they coexist with PMSEs showing less organized structures. In the relative small
observing area, up to six ripples are observed at the center altitudes.

5. Discussion

Taking into account the PMSE imaging information and the background dynamics, we can clearly see that
the observed ripples are associated with a KHI event. Using an expected average buoyancy period of 400
s (e.g., Rapp et al., 2004) and the measured S = |dU/dz| values (40 m/s/km; see Figure 3), the resulting
Ri is ~0.15, that is, less than 0.25 that is necessary for sustained turbulence and thus occurrence of KHIs.
However, Ri < 0.25 is not a sufficient condition for KHI occurrence. For example, according to Kunze et al.
(1990) the KHI growth rate is proportional to S — 2N over a large range of Ri, then small N would result on
small Ri and also small growth rates. Our event is associated with a relative large S and is expected to be
accompanied by a large growth rate (e.g., Hysell et al., 2012). However the estimation of growth rate required
precised measurements of wind and temperature profiles (or N2), that we do not have. Therefore, we shall
discuss other characteristics that support our conclusion, that is, that the event is indeed a KHI.

In Figure 5 we show two dimensional cuts (xz and xy) at one particular time to quantify the KHI event better.
Given that vertical resolution of the measured images (I,,) is only 450 m, and that there is the coexistence
of other structures, in Figures 5b and 5e we show the fluctuations corresponding to Figures 5a and 5d. Such

a fluctuating component (I ) has been obtained for each Doppler image c (i.e., red, green, and blue, see
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Figure 4. Temporal evolution of EW (left) and NS (right) cuts at y = 0 and x = 0, respectively. Doppler and SNR are color coded as before.

above) independently, by estimating a low-pass filtered version (I¢ , ) as follows:

c _ Ifn - Imean (1)
wave Ic
mean
The low-pass filtered images have been obtained using a two-dimensional running mean smoothing with
(20, 20) and (20,1) points for the xy and xz cuts, respectively. A similar procedure is used in airglow wave

analysis (e.g., Garcia et al., 1997). The maximum values plotted for each of the Doppler images are +25%.

The fluctuating components clearly show that the billows present upward velocities to the west and down-
ward velocities to the east, in all three billows shown. The billow occurring at x = —5 km, is wider than
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the other two billows and show “cat’s-eye” structure (Figure 5b). In the NS direction, there are 2-km scale
structures along the billows, that is, in the transverse direction to the propagation (Figure 5e). Perhaps these
transverse structures are related to secondary billows reported in direct numerical simulations (e.g., Fritts
et al., 2014), but our resolution is not high enough to resolve them better.

In Figures 5c and 5f we show simplified versions of the observed images, and to help with the interpretation
we overplot the measured wind velocities, either from PMSE (vertical winds) or from the multistatic SMR
(horizontal winds). Based on these results and sketches, the observed features of our KHI event are L, = 3
km, L, = 2.4 km (thickness in z), A, = 8 km, U, = 12 m/s (i.e., the billow root-mean-square vertical velocity,
half the maximum minus minimum vertical velocity), and propagation speed in the westward direction of
30 m/s. The propagation velocity is very similar to the mean background wind at the KHI altitudes, that is,
implying a small phase velocity.

Additional evidence that supports the KHI interpretation of this event are the thickness to separation ratio
of L,/ A, ~ 0.3 and the high vertical velocities accompanying the billows (+12 m/s). If we compare this ratio
to numerical studies with high Reynolds numbers, the expected Ri is between 0.10 and 0.15 (e.g., Thorpe,
1973).

Using these length scales and vertical velocity, it is possible to apply the theory of stratified turbulence to
explore some more details about the observed KHI event. By making the assumption that L, L , and U, are
the characteristic lengths and velocity scales of this event, and using the continuity equation, which has a

nondivergent form in stratified turbulence (Davidson, 2013), we can obtain the following constraint:

B~

X

U,

~

)

Sl

From (2) it is possible to derive the characteristic horizontal root-mean-square velocity: U, ~ U,L,/L,
=15m/s.

A turbulent dissipation rate (e) can be obtained from the definition of an integral length-scale L;,, ~ U3 /e,
which is an outer scale in homogeneous and isotropic turbulence. In the present case, the turbulent

int
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dissipation rate is defined as

U

e=C,— =1125 W/kg, 3)

Lx
here we assume that the constant C, = 1.0 (e.g., Gargett, 1999, Figure 8). At this point, however, it should be
noted that the turbulent dissipation rate obtained through equation (3) is a local value of e for the observed
KHI event. This value is comparable to the largest values measured with rockets near the polar summer
mesopause (e.g., Liibken et al., 2002, Figure 2).

There is another scaling definition of L, namely L, = U, /N (e.g., Billant & Chomaz, 2001). It indicates that
the vertical scale of the turbulence is a thickness of the stratification level and it is defined exclusively by the
dynamics of the stratified turbulent flow. With the usage of the new definition of L, it is possible to obtain the
local buoyancy frequency value, whichis N = U, /L, = 0.00625 s~!. This corresponds to a buoyancy period
of ~1,005 s, which is more than twice the value used above that represents average background conditions.
This is not surprising since N is known to be highly variable in the mesosphere (e.g., Li et al., 2005). The new
estimate of N is obtained locally and suggest that stratification effects inside the KHI event are negligibly
small.

The theory of strongly stratified turbulence states that there are only two nondimensional parameters that
exclusively define the turbulence regime in sheared and stratified flows (Brethouwer et al., 2007; Lindborg,
2006). These two parameters are the horizontal Froude number Fr and the buoyancy Reynolds number Re,
defined as

€ Ux

Fr=—S_ = @)
NU2 T LN
U3
€ x
Re, = — = 5
%= IN2 TN )

where v is the kinematic viscosity. In the present study, it is possible to calculate these two parameters for the
KHI event with values of U,, N, and L, estimated above. Thus, we get Fr = 0.8 and Re;, = 2.5 x 10*. We have
assumed v = 1.15 m?/s, which is expected in the polar summer mesosphere. The high horizontal Froude
number Fr > 9(1072) indicates a weak stratification and that the observed turbulence event is generated
through the KHI, while large Re, suggests a wide inertial subrange of the kinetic and potential energy spectra
of the present event.

The scaling analysis applied in the present study supports the observational result obtained with volumetric
radar imaging without invoking a highly uncertain Miles-Howard criterion for turbulence existence, that
is, Ri < 0.25 (e.g., Galperin et al., 2007). The local values of ¢ and N confirm the presence of very strong
turbulence inside the detected structures, while the negligible degree of anisotropy indicates an absence of
the stratification effects inside these structures.

6. Concluding Remarks

We have presented a high-resolution volumetric radar imaging measurement of KHI in the polar summer
mesopause. The observation provides PMSE intensity and line-of-sight velocity measured as a function of
time and three spatial dimensions. To our knowledge, this is the first spatially resolved measurement of
mesospheric KHI observed with radar in four dimensions.

The event is composed of up to six elongated ripples in the NS direction, propagating to the west at ~30 m/s
with separation between billows of ~8 km, a layer thickness of 2.4 km, and billow width of less than 3 km.
The necessary conditions for being a KHI are satisfied, that is, Ri < 0.25 using expected buoyancy periods,
measured |dU/dz|, scaling analysis, and comparisons with previous numerical simulations. Furthermore,
based on the observed parameters, the event occurs with Fr ~ 1 and high Re,, indicating conditions of weak
stratification and a clear turbulent nature of the observed event, that is, KHI.

Although we have focused on just one KHI event, we are certain that many more events and not only KHI
can be characterized with the type of PMSE volumetric imaging shown in this work. Given that not all the
time one can separate easily the contributions of gravity waves and turbulence, one could quantify statisti-
cally such contributions by exploiting the multidimensional data with second-order statistics of the radial
velocities, as it has been proposed by Vierinen et al. (2019).
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The new volumetric radar imaging capability can augment existing lidar, radar, and airglow measurements
used for studies of small-scale dynamics. As indicated by Fritts et al. (2014), these types of small-scale multi-
dimensional observations coupled with modeling capabilities will enable a more complete quantification of
small-scale dynamics and a better parameterization in large-scale general circulation atmospheric models.
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