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subtracted from the measured probabilities.
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Abstract

We report a detailed analysis of characteristics of stability based on high-resolution
temperature and horizontal wind measurement made with a Na lidar at the Andes Lidar
Observatory, located in Cerro Pachén, Chile (30.2° S, 70.7° W). The general probability
of convective and dynamical instability are 5.3% and 16.4%. Contributions from differ-
ent scales of GWs have been calculated. Large wind shear and dynamical instabilities are
mainly generated because all GWs with different frequencies exist simultaneously. Isolated
parts of GWs have much less contribution to the generation of instabilities. The dynam-
ical instability is mainly contributed from less stable stratification and large wind shear
together. Either factor can lead to about 15% of dynamical instability. Biases of the in-
stability probabilities due to photon noise have been analyzed, and the biases have been

subtracted from the measured probabilities.

1 Introduction

It is widely known that gravity waves (GWSs) transport their energy and momentum
from the lower atmosphere to the mesosphere and lower thermosphere (MLT). As these
waves reach large amplitudes, they dissipate and deposit energy and momentum in this
region, impart significant forcing to the global atmospheric circulation. GWs are dissi-
pated primarily through instabilities processes: convective instability (CI) that occurs when
large-amplitude waves create a negative vertical potential temperature gradient [Hodges,
1967], and dynamic (shear) instability (DI) when a large vertical gradient of horizon-
tal wind is created by wave motion or momentum deposition [Fritts and Rastogi, 1985].
Other instability processes could happen under specific conditions, such as vortical-pair
instability [Dong and Yeh, 1988], parametric instability [Klostermeyer, 1991], slantwise

dynamical instability [Hines, 1971], and resonant instability [Phillips, 1977].

There are many works investigating the causes and characteristics of instabilities in
the MLT region. Theoretical analysis suggested that inertia GWs might lead to KHI [Fritts
and Yuan, 1989; Andreassen et al., 1994, 1998]. Two-dimensional instabilities are closely
related to second-order wave—wave interactions [Lombard and Riley, 1996]. Sonmor and
Klaassen [1997] found the generation of different types of instabilities are related to the
internal GWs with variable frequencies using a Floquet analysis of a monochromatic wave

propagating in a uniformly stratified background. Liu et al. [1999] suggests that the in-
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duced acceleration due to CI may lead to strong shear, which causes DI at lower altitudes.
Gardner et al. [2002] suggested that instability can be generated when the combined per-
turbations associated with tides and GWs induce large vertical gradients in the horizontal
wind and temperature profiles. Li et al. [2005a] found that wave-mean flow interactions
contributed significantly to the generation of the strong (>40 m/s/km) wind shear and dy-
namically unstable layers (DUL). Yue et al. [2010] found that about 60% of the large wind
shear formation is driven by long—period waves such as tidal-period perturbations. 2D
model result showed that the momentum deposited by breaking GWs accelerates the mean
wind creating a background condition that favors the occurrence of GWs instability [Liu
et al., 2014]. In the work of Andrioli et al. [2017], they suggested that GWs with period

larger than 30 minutes should be responsible for keeping the long duration of DUL.

While theoretical and modeling studies have provided much insights into what types
of instabilities could happen in different conditions and how they develop, there is lack of
observational evidence of the frequencies these instabilities actually happen. The occur-
rence frequencies of these instabilities directly affect the net effect of GW breaking. Due
to the highly intermittent nature of GWs [Cao and Liu, 2016], the instabilities are expected
to happen intermittently as well. Observationally, while it is now possible to directly ob-
serve GW breaking using high resolution imaging [Hecht et al., 2021], it is impossible to
detect all GW breaking events even at a single location, due to limitations of instrument

operation time and resolutions.

To estimate of the occurrence frequencies of instabilities, we can use the atmo-
spheric stability parameters as a proxy, namely the square of buoyancy frequency (N?)
and the Richardson number (Ri). Although stable and unstable conditions described by
stability parameters do not always correspond to the absence and presence of instabilities
[Achatz, 2007], these parameters are the best measure available to infer the likelihood of

occurrence of instabilities.

The observational data needed to calculate N> and Ri are high temporal and ver-
tical resolution profiles of temperature and horizontal wind in the MLT, which are not
widely available. The only technique that can currently make such measurements is using
a narrow-band Doppler resonance-fluorescence lidar, which probe the naturally occurring
metal layers in the 80-110 km altitude region using lasers that excite specific metal atoms

and detect their fluorescence signals [She et al., 2021, and references therein]. The lasers
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must have narrow enough line width (<100 MHz) to be able to probe both Doppler broad-
ening and Doppler shift of the atomic spectral line to infer both temperature and wind.
The most common metal probed is sodium (Na), due to its large cross section and high
abundance in the mesopause region. The lidars also have to achieve high signal-to-noise
ratio (SNR) to infer wind and temperature at sufficiently high resolutions to resolve GWs,

typically on the order of ~1km in vertical and ~1 min in time.

One of the first stability measurements based on lidar observations was made by
a Na lidar at Starfire Optical Range (SOR), NM, which achieved high SNR by using a
the 3.5 m astronomical telescope at the site. Zhao et al. [2003] used 32 nights (195h) of
its observations (at 90-sec and 500-m resolutions) to examine atmospheric stabilities at
SOR (35°N, 105°W), and found that the atmosphere is most likely to be unstable in win-
ter and least likely in summer. Li et al. [2005b] analyzed 19 nights (133 h) of lidar data
acquired by the same Na lidar operated at Maui, HI (20°N) with a 3.67-m telescope, at
15-min and 500-m resolutions. They found that most of the convectively unstable (CU)
and dynamically unstable (CU) layers are located above the mesosphere inversion layers
with a tendency for the DU layers to develop below the CU layers. ? presented the verti-
cal variations of the probabilities of large wind shears, DI and CI over Fort Collins, CO
(41° N, 105° W) based on the Na lidar measurement with a 35-cm telescopes and at res-
olutions of 15min and 2km). They found the probability of CI is less than 1.4% for all
seasons and the probability of DI ranges from 2.7% to 6.0%. More recently, Andrioli et al.
[2017] studied the probabilities of the occurrence of CI and DI and their vertical distri-
butions at Sao José dos Campos (23.1° S, 45.9° W). They used a Na lidar that measured
temperature only at 300-m and 3-min resolutions, and supplemented with wind measured
by a meteor radar located at Cachoeira Paulista (22.7° S, 45° W) at 1-hour and 2-km res-
olutions. Based on 79 nights (589 h) of simultaneous data, they found CI presents much

more seasonal variability than DI.

The purpose of this study is to present a stability analysis using a new set of high
quality, extensive lidar data set obtained at the Andes Lidar Observatory in Cerro Pachon,
Chile. The data used was acquired by a high-performance Na lidar on 244 nights over 5
years with a total of 2170 hours. This high quality data set allows us to not only examine
the overall stability properties but also investigate the effects of GWs with different peri-
ods on the generation of unstable regions. The location of the site, in the Andes, is also a

special region where many GWs are generated by the high Andes mountains so this anal-
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ysis provides estimates of instability probabilities due to GWs from a different source than

many previous studies.

The paper is organized as following. Section 2 describes the ALO lidar data of tem-
perature and winds and the process applied to calculate the stability parameters. In sec-
tion 3, we present the probability distributions of stability parameters. The contributions
from GWs to the occurrence of instabilities are given in section 4. In section 5, the con-
tributions to DI from stratification and wind shear are described. The results are further
discussed in section 6. Conclusions are presented in section 7. Finally, in Appendix A,
the numerical method for bias correction in calculating probabilities of instabilities is de-

scribed in detail.

2 Lidar Data and Calculation of Stability Parameters
2.1 Lidar Data

The measurements of temperature and winds used for stability analysis are acquired
with the Na lidar at Andes Lidar Observatory located at Cerro Pachén, Chile (30.3°S,
70.7°W). The lidar’s large power aperture product (0.66 Wm™2), reliable solid state laser,
and efficient receiver optics [Liu et al., 2016], combined with the high elevation site in
the Andes with year around clear sky, make it feasible to acquire many nights of mea-
surements at high temporal and spatial resolutions. In a normal operation mode, the laser
beam was pointed toward zenith (Z), and 20° off zenith toward east (E) and south (S) in
ZSZE sequence with typically 60-s time at each direction. This mode is used to measure
temperature and all three wind components. On some nights, the laser beam was pointed
to zenith only to make temperature and vertical wind measurements at higher temporal
resolution. Horizontal winds measurements are not available for those nights. For this
study, a total of 2170 hours of measurements from 244 nights, from May 2014 to Septem-
ber 2019, are used. The total number of nights in each calendar month is summarized in
Table.1, together with the numbers of nights when horizontal wind are available. An ex-
ample of one night measurements of temperature and horizontal wind acquired on April
18, 2015 are shown in Figure 1. It is clear that there were strong tidal motion and higher

frequency fluctuations from GWs.

The lidar system obtained raw photon count data at 6-s temporal and 25-m range

resolutions, which are then binned to 60-s temporal and 500-m vertical resolutions to de-
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‘ ‘ Jan | Feb ‘ Mar | Apr | May ‘ Jun | Jul ‘ Aug ‘ Sep ‘ Oct ‘ Nov | Dec
nights 29 | 20 | 25 33 16 17 25 22 12 9 24 12
(wWith U, V) | (4) | (6) | (14) | 25 | (ID) | (I7) | 25) | AD | (5) | (8) | (24) | (10)

Table 1: Total numbers of nights of lidar measurements from May 2014 to September 2019 at

ALO in each calendar month. These are the nights used to calculate N>. The numbers in the

parentheses are total nights when horizontal wind measurements were available. These are the

nights used for wind shear and Ri calculations.
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Figure 1: ALO Na Lidar measured 7', U and V on April 18, 2015.

rive the line-of-sight (LOS) temperature and winds. At these resolutions, the typical root

mean square (rms) errors for temperature and winds due to photon noise are respectively

no more than 2K and 6 m/s in the 85 and 100km altitude range. The error in horizon-

tal wind is simply the error in LOS wind divided by sin20°. Errors grow fast beyond

this altitude range because of decreased Na density. We limit our analysis to the 85 to

100 km range and exclude measurements with large errors (horizontal wind error > 20 m/s;

temperature error > 10 K. 95% of data are retained with errors less than these 2 values.).

Temperatures and winds are further interpolated to uniform altitude and time intervals at

0.1 hour and 500 m to facilitate calculation of stability parameters. The smallest period

and vertical wavelength that can be resolved by the data are 12 min and 1 km, respectively.

2.2 Stability Parameters

The convective stability is measured by the square of buoyancy frequency N as
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where g = 9.5ms™? is the gravitational acceleration at the mesopause; 7' is atmospheric
temperature; z is altitude; C, = 1004 Jkg 'K~! is atmospheric specific heat at constant
pressure. When N? is negative, the atmosphere is convectively unstable (CU) and has a

super-adiabatic lapse rate (-07/0z > g/C)).

The dynamical stability is measured by the Richardson number Ri [Miles, 1961] as

NZ
= g’

[ ()

is the total vertical shear of horizontal wind and u and v are zonal and meridional wind

Ri

where
1/2

S =

speeds, respectively. Ri < 0 is equivalent to N> < 0, indicating convectively unstable
condition. When 0 < Ri < 1/4, the atmosphere is considered as dynamically unstable.
Since a small positive Ri can be due to a very small positive N> and/or large wind shear
S, to further distinguish these two factors, we will also include S together with N 2 and Ri
as three stability parameters to analyze. Since for the nominal value of N> = 4 x 107572,
Ri < 1/4 requires S > 40 ms~'km™!, we use this value as the threshold to define large and

small wind shears.

The numerical calculation of these parameters involves vertical derivatives of T,
u and v, which are calculated using centered difference in vertical. For example, N 2 at

height level k is calculated as

N =8 (T —Tr 8
KT 2Az Gy’

where Az = z; — zx_ is the vertical interval. The errors of calculated N2, S, and Ri come
from the errors in measured 7', u and v. The effect of these errors on the stability analysis
is discussed in more detail in the Appendix. The most important consequence of the mea-
surement error is they created a bias in the probability calculation. This bias is corrected

according to the method described in the Appendix.

An example of the three parameters derived from the same night of lidar measure-
ments in Figure 1 is shown in Figure 2. In the N? plot, large blue areas indicate very
stable layers with large N2 values (N> > 7 x 10™*s72). The blue regions are moving
downward over the night, indicating influence of atmospheric tides. Red color indicates

convectively unstable regions where N> < 0. The convectively instability does not hap-

2)

3)

“4)
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pen very often so the area of red region is small as expected. However, there is one such

region between 95 and 97 km that lasted over 2 hours before 2 UT.

The middle contour plot shows the wind shear S, where red regions represent large
wind shear (> 40 ms~'km™"). Just like the blue regions in the N? plot, these large wind
shear regions were influence by the tides, and following closely with the region of high
N?. This is expected because only high N? region can sustain high S to avoid it being de-
structed by dynamical instability. The similar features were found in lidar observations at
Maui [Li et al., 2005b] and simulations with the Whole Atmosphere Community Climate

Model [Liu, 2017].

The right contour plot shows Ri, in which the red areas are by definition the same
as those in the N2 plot. The yellow areas are dynamically unstable where Ri is between
0 and 1/4. The yellow areas appeared intermittently, mainly in the regions of large wind

shear, and are overall more frequent that regions of negative N2.

(© 20150418 Ri
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Figure 2: Time-altitude contours of N2, S and Ri on April 18, 2015 at ALO.

3 Distributions of Stability Parameters

For the purpose of this study, we define high-frequency (HF), medium frequency
(MF) and low-frequency (LF) GWs as with the observed periods less than 1 hour, between
1 to 6 hours, and longer than 6 hours, respectively. Our goal here is to isolate the effects
on stability properties due to GWs in each frequency range. Although such separation
does not take into account of the Doppler effect of the background wind on the intrinsic
periods, it is not expected to have much meaningful impact of the overall stability assess-
ment because (a) this Doppler effect changes the intrinsic periods both ways depending on

the relative direction of GW propagation and the background, and (b) the effect is not sig-
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nificant for fast GWs. The details of separating waves in these three frequency ranges is

described in section 4.

The histograms of perturbations of T, u and v, denoted as 7’, u” and v’ respectively,
are shown in Figure 3. The three distributions in each plot corresponds to perturbations
in all frequencies, LF, and HF ranges (see Figure 3 caption for details). The distributions
that include all frequencies (black solid lines) follow closely a Gaussian distribution, in
agreement with previous lidar measurements [Gardner and Yang, 1998]. The LF GWs

have broader distribution than HF GWs, indicating that LF GWs have larger amplitudes.
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Figure 3: Histograms of 7, u’ and v’. The bin sizes are 0.5K, 0.5ms™! and 0.5 ms™!, respectively.

Black solid lines are perturbations at all time scales. Red dotted lines are perturbations with period

> 6 hrs (LF GWs). Blue dashed lines are perturbations with period <1 hr (HF GWs).

The stability parameters N2, S and Ri are nonlinear functions of T, u and v so their
distributions are non-Gaussian. Their distributions are illustrated with their histograms
shown in Figure 4. Here we focus on the distributions when all perturbations are included
(black solid lines). Since the variation of N2 is dominated by 9T /dz in eq.(1), its distribu-
tion is close to Gaussian but with a long tail on the positive side. It peaks at 3.2x 10™*s72
with a median value of 4.2x 10™*s72. The total wind shear S is a positive-definite quan-
tity and its histogram shown in Figure 4(b) is asymmetric with a long positive tail. It
peaks at 16.8 ms~'km~! with a median value of 20.8 ms~'km~'. The Ri distribution in
Figure 4(c) is highly asymmetric, with a long tail to the right and a much narrower range
to the left. It peaks at 0.32 with a median value of 0.8. In all three histograms, the shaded
area indicate negative N2, $>40ms~'km™!, and O<Ri<1/4, corresponding to convectively
unstable, large wind shear, and dynamically unstable regions, respectively, corresponding

to the red and yellow regions described earlier for Figure 1.
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Figure 4: Histograms of N2, S and Ri. The bin sizes are 0.2x10™#s72, 0.4 ms~'km~! and 0.02,

respectively. Black solid lines are for stability parameters calculated from original lidar measure-
ments which include waves with all periods (>12 min). Red dotted lines are calculated from data
with periods >6 hr (LF GWs). Blue dashed lines are calculated from data with periods <1 hr (HF

GWs). The shaded regions are N 240, S>40ms~'km™!, and O<Ri<1/4, respectively.

The likelihood of occurrence of unstable regions or large wind shear is thus defined
as the fraction of the area under the distribution curve in the shaded area, which we refer
to as the Probability of Convective Instability (PCI), the Probability of Large Wind Shear
(PLW), and the Probability of Dynamical Instability (PDI), respectively. Note that due to
measurement errors, these distributions are wider then their true error-free distributions
because of the additional variances from the errors. Therefore, measurement errors intro-
duce a bias in the estimated probabilities. These biases however, can be corrected after
careful analysis of the relationship between error magnitudes and biases. This is described
in detail in the Appendix. As Figure 7 shows, the biases are significant for PLW and PDI
but small for PCI. They are positive for PCI and PLW and negative for PDI. Using all li-
dar measurements, we obtained bias-corrected PCI=4.0%, PLW=6.4%, and PDI=15.9%,
with bias correction amounts of -0.02%, -2.5%, 4.2%, respectively. These values indicate
that overall, dynamically unstable and large wind shear regions are much more likely to

occur than convectively unstable regions, consistent with the observation in Figure 1.

The vertical distribution of probabilities are shown in Figure 5. The probabilities
are calculated with original data (including all waves) for each 3 km vertical bin at every
0.5km. The PCI has a minimum around 90 km at about 2.3% and increases both above
and below this altitude to about 6-7%. The PLW decreases with altitude from 85 to 97 km
then increases rapidly above. This is consistent with the rapid increase of wind speed

above 100 km measured by decades of rockets experiments [Larsen, 2002]. The PDI also
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Figure 5: PCI, PLW, and PDI as functions of altitudes, calculated from original data (including all

waves). The probabilities are calculated using all data within a 3-km altitude bin at each 500 m.

4 Gravity Wave Effects on Stability Parameters
4.1 Frequency dependence of GW contributions to PCI, PLW and PDI

It is expected that the mean background atmosphere in MLT is stable. Unstable lay-
ers occur temporarily and are mostly due to gravity waves (GWs) that generate large verti-
cal gradients of temperature and/or horizontal wind. As described in the previous section,
we define high-frequency (HF, <1 hr), medium frequency (MF, 1-6 hr ) and low-frequency
(LF, >6hr) and assess the effects on stability properties due to GWs in each period range.

The specific procedure of separating these GWs are described as following.

We first filter the original temperature and wind data (denoted as X) with a low-
pass 1-hr and a 6-hr full-width Hamming window, and denote the filtered data as X, and
Xehr, respectively. The nightly averaged wind and temperature are considered to be the
background (BG) and denoted as Xp. We can then calculate the follow quantities

XpH = XB + X — Xin, XBM = XB + Xinr — Xohrs XBL = Xeéhrs )
Xpum = XB + X — Xohr, XHL = X — Xinr + X6, XBML = Xihr-

where the subscripts denote the components included: B for Background, H for HF GWs,
M for MF GWs, and L for LF GWs. For example, Xgym includes the background, HF
and MF GWs but not LF GWs. With this notation, the distributions of stability parameters

shown in Figure 4 are for X (>12 min), Xgy (12 min to 1 hr), and Xpp, (>6 hr).

—11-
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We calculated the stability parameters for all combination of GWs in (5), and their
distributions were obtained. For each distribution, PCI, PLW and PDI were calculated as
illustrated in Figure 4. Their differences represent the changes in probabilities when cer-
tain types of GWs are added to a field. These probability changes for various scenarios
are listed in Tables 2, 3, and 4. For example, in Table 2, the value in row HM and column
B represents the change of PCI when HF and MF GWs are added onto the background
flow (an increase of 2.7 percentage point). There are two clear patterns shown in these

tables:

1. For PCI and PDI, HF GWs contribute most to their increase, with MF GWs sec-
ond, and very little contribution from LF GWs. For PLW, ML GWs contributes
most.

2. For all three probabilities, the combined increase of probabilities by two GW com-
ponents, are always more than the sum of individual contributions from each in-
dividual GW component. For example, in Table 4, HF and MF GWs added to the
background with LF GWs contribute to 6.0% and 5.0% increase of PDI, respec-

tively. But when they are both present, the total PDI is increased by 15.0%.

The effects of GWs on stabilities can also be understood from the distributions shown
in Figure 4, by comparing for example the black solid line (including all GWs) with the
red dotted lines (>6 hr GWs). For N 2 when all waves are included, the distribution is
widened and the peak is shifted toward smaller N? values, resulting in an increase in PCI.
For S, the distribution is also widened and the peak is shifted toward larger S value, re-
sulting in increased PLW. For Ri, the distribution is narrowed (as a result of widened S
distribution) with the peak shifted closer to the shaded region where O<Ri<1/4 and signifi-

cantly increases PDI.

It is interesting to compare the temperature and wind perturbation distributions in
Figure 3 with the N? and S distributions in Figure 4(a,b) for LF and HF GWs. While LF
perturbations have much larger standard deviations or amplitudes, their N> and S distribu-
tions are much narrower than HF perturbations. This is a clear indication that wave am-
plitude alone is not a deciding factor for creating unstable layers. The vertical scale of the
perturbations is an important factor because it directly affects the lapse rate and vertical
wind shear. Our results imply that for waves that can be resolved by the lidar measure-

ments, HF GWs tend to have smaller vertical scales which result in larger vertical gradi-

—12—



PCI( %) | B (0.0%) | BH (1.3%) | BM (0.2%) | BL (0.0%) | BHM (2.7%) | BHL (1.8%) | BML (0.6%)
H 1.3 - 2.5 1.8 - - 34
0.2 1.4 - 0.6 - 22 -
L 0.0 0.5 0.4 - 1.3 - -
HM 2.7 - - 4.0 - - -
HL 1.8 - 3.8 - - - -
ML 0.5 2.7 - - - - -
HML 4.0 - - - - - -
Table 2: Changes of PCI when GWs are added. The top row indicates the components in the orig-
inal field with their PCIs indicated in the parentheses. The left column indicates type of GWs
added. The values in the table are changes in percentage points of PCI when the GW components
indicated by the left column in that row is added to the original field indicated by the top row in
that column. For example, the value at the row HM and column B indicates when HF and MF
GWs are added to the background, PCI is increased by 2.7 percentage points from 0.0%. See text
for detailed description of all notations.
PLW( %) | B (0.2%) | BH (0.7%) | BM (0.8%) | BL (0.7%) | BHM (2.7%) | BHL(1.9%) | BML (3.3%)
H 0.5 - 1.9 1.2 - - 3.1
0.6 2.0 - 2.6 - 4.5 -
L 0.5 1.2 2.5 - 3.7 - -
HM 2.5 - - 5.7 - - -
HL 1.7 - 5.6 - - - -
ML 3.1 5.7 - - - - -
HML 6.2 - - - - - -

Table 3: Same as Table 2 but for the changes of PLW.
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PDI( %) | B (0.3%) | BH (3.2%) | BM (1.5%) | BL (0.9%) | BHM (8.4%)

BHL (6.9%)

BML (5.9%)

H 29 - 6.9 6.0 - -
1.2 52 - 5.0 - 9.0
L 0.6 3.7
HM 8.1 - - 15.0 - —
HL 6.6 - 14.4 - - -
ML 5.6 12.7 - - - -
HML 15.6 - - - _ -

10.0

Table 4: Same as Table 2 but for the changes of PDI.

ents that LF GWs. Even though HF GWs have in general smaller amplitudes compared
with LF GWs, the increase in gradients creates both more stable and unstable regions,

thus widens the N? and S distributions and increases all three probabilities.

4.2 Contributions from N2 and S to PDI

The measure of PDI is based on Ri = N2 / S2. which is related to both static stability
N? and vertical shear of horizontal wind S. 0<Ri<1/4 can be satisfied by small positive
N? and/or large S. In reality, when N2 positive but close to zero, convective instability is
more likely occur that dynamic instability because any small perturbations could push N2
to negative value. Uncertainty in measurements also adds to the uncertainty of whether
N? is truely positive. Therefore, if a region that satisfies 0<Ri<1/4 is only associated with
small positive N2 but not large S, it should be considered as being near convectively un-
stable, but not dynamically unstable. A more accurate estimate of the PDI should exclude

such regions.

To consider the contributions to a small Ri from N2 and S separately, we can rewrite
(2) as

IgRi = IgN? +1g 52,

which shows that Ig Ri is sum of contributions from lg N? and 1g S?. Figure 6 shows 2D
histogram of all data points with Ig N? and lg S as horizontal and vertical axes, respec-

tively. Data points with N?<0 are excluded in this plot. The blue diagonal line corre-
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320
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324

sponds to Ri=0.25. Area below this line is where 0<Ri<0.25 thus dynamically unsta-
ble. The cyan horizontal and vertical lines indicate medium values of N?=4.2x107*s72
and $=20.8 ms~'km~!, respectively. They separate the area below the diagonal line into
three areas, marked as A, B and C. Area A is where N2 is small and S is small; area

B is where N? is small and S is large; area C is where N2 is large and S is large. They
make up 17%, 69%, and 14% respectively to the total data points below the diagonal line.
This shows that the majority (69%) of data points with 0<Ri<0.25 correspond to large
wind shear in a less stable stratification. A small fraction (14%) is due to even larger wind
shear in a more stable stratification. A small but not insignificant portion (17%) is due to
small N? in the absence of large wind shear, which as described above, should not be con-
sidered as dynamically unstable. Therefore, all the PDI values we presented above slightly

overestimate the actual probably of dynamic instability due to large wind shear only. The

total PDI, if taking this into account, should be 15.6%x(1-17%)=12.9%.

Ig(counts)

2.6

2.1

1.6

1.1

0.6

0.1

Figure 6: 2D histogram of all data points as a function of both In §? and In N2. The blue diagonal
line represents where Ri=0.25. The cyan horizontal and vertical lines indicate medium values of
N?=4.2x10"*572 and §=20.8 ms~'km™, respectively. The color shades are linear in lg(counts) as

indicated by the color bar. The bin sides are both 0.05 for horizontal and vertical axis.

5 Conclusion

In this paper, we presented analyses of the probabilities of convective and dynamic
instabilities and large wind shear (PCI, PDI, PLW) in the mesopause region over the An-

des using 2170 hours of high resolution temperature and wind measurements from a Na
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lidar at ALO. The data was acquired over 5 years in 244 nights and covers all calendar
months. These three probabilities corresponds to N2<0, S>40ms™!, and 0<Ri<0.25, re-
spectively. Biases in these probabilities due to measurement errors were carefully analyzed
and eliminated. The overall PCI, PDI and PLW from all the lidar data are 4.0%, 6.2%,
and 15.6%, respectively. Therefore, dynamic instability is much more likely to occur than
convective instability. This is similar to the results at Fort Collins (41°N, 105°W), where
Sherman and She [2006] obtained a PCI of less than 1.4% and a PDI ranging from 2.7%
to 6.0%, and at Sao Jose dos Campo (23.1°S, 45.5°W) where Andrioli et al. [2017] ob-
tained PCI of 3% and PDI of 17.5%, although these analyses were made with data at

coarser resolutions.

The impacts of GWs on these probabilities were analyzed by separating the data
in to HF, MF and LF and background, and separately calculating the probabilities. We
found that HF GWs contribute most to the increase of PCI and PDI and LF GWs con-
tribute the least. Our analyses also show that the total increase of probabilities by two GW
components is always more than the sum of increases from each GW component. For ex-
ample, HF and MF GWs added to the background with LF GWs contribute to 6.0% and
5.0% increase of PDI, respectively. But when they are both present, the total PDI is in-
creased by 15.0%. Yue et al. [2010] reported tides can contribute significantly to the large
wind shears in the MLT. Zhao et al. [2003] reported that tides alone are usually not strong
enough to induce instability, but they can establish the environment for instabilities to de-
velop. These results are consistent with our findings and support the notion that simulta-
neous presence of waves at multiple time scales can significantly increase the probabilities

of instabilities.

We also found that while LF GWs have much larger overall amplitudes that HF
GWs, they contribute less to the perturbations in N> and S than HF GWs. This indicates
that it is the small vertical scale of HF GWs that largely contribute to their ability of cre-
ating unstable layers. Although LF GWs have large amplitude, there larger vertical scale
does not create as large vertical gradients in temperature and horizontal wind needed for

instability that HF GWs do.
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A Bias correction for probabilities

Bias of probabilities of instabilities are primarily due to temperature and wind mea-
surement errors. Bias can be estimated by analytical method and numerical method. An-
alytical bias correction of PCI has been presented by Zhao et al. [2003]. In their work,
PCI is expressed as a function of the uncertainties of N2. The uncertainties of N? are ap-
proximately expressed as a function of the uncertainties of 7" errors. However, an analyt-
ical formula for bias of PDI is much more complicated and requires more approximation
than the formula for bias of PCI since Ri is related to both temperature and wind mea-
surements. More approximation may lead to extra bias from the bias correction formula
itself. Numerical method can avoid this issue. A numerical method Monte-Carlo simula-

tion is applied to numerically calculate the bias of PCI, PLW and PDI.

Detailed process for Monte-Carlo simulation is as follow. A series of artificial er-
rors are added to temperature and wind measurements. The added errors to U and V are
Gaussian distributed with uncertainties from 0 to 15 ms~'. From the measurement, the un-
certainties of U and V error at the same time and the same altitude are found to be almost
the same. The added errors to T are Gaussian distributed with uncertainties from 0 to 8 K.
The uncertainties of artificial errors cover all the possible uncertainties of ALO lidar mea-
surement errors. In our simulations, multiple combinations of errors of temperature and
horizontal winds with different distribution uncertainties are added. From simulation re-
sults, the bias of PDI contributed from errors of T is found to be neglectable. So bias
of PDI is treated as a function of uncertainties of U/V error distribution. Biases of PCI,
PLW and PDI calculated through Monte-Carlo simulations are presented in Figure 7. For
PCI, as the uncertainty of T error increases, as do the bias, shown as the red solid line.
The bias of PLW rises with uncertainty of U/V error, shown as the black dashed line. For
PDI, shown as the blue line with star markers, the bias decreases and then increases with
uncertainty of U/V error. The bias line is with a valley value around —5% when the un-

certainty of U/V error is about 7 ms™!.
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Figure 7: Biases of PCI, PLW and PDI with respect to measurement errors with different Gaussian
distribution uncertainties. PCI (red solid line) is a function of uncertainties of temperature error
distribution. PDI (black dashed line) and PLW (blue solid line with star markers) are functions of

uncertainties of horizontal wind error distribution.
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