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Abstract Na lidar temperature measurements were taken successfully from 2007 to 2009 in the
mesopause region over São José dos Campos (23.1°S, 45.9°W). Strong gradients on these vertical
temperature profiles are often observed. A simple theoretical study has shown that temperature gradient of
at least �8 K/km is required concurrently with the typical tidal wind shear in order to generate dynamical
instability in the MLT region. We have studied vertical shear in horizontal wind related to atmospheric tides,
inferred by meteor radar, with the aim of analyzing instability occurrence. These wind measurements were
taken from an all-sky meteor radar at Cachoeira Paulista (22.7°S, 45°W). Two years of simultaneous data, wind
and temperature, were used in this analysis which represent 79 days, totalizing 589 h of simultaneous
observations. We realize that the condition for the local Richardson number (Ri) dropping below the critical
value of instability (Ri< 0.25) is often reached in 98% of the analyzed cases. The mean probabilities for
occurrence of convective and dynamical instabilities, in the altitude region between 82 and 98 km, were
observed to be about 3% and 17.5%, respectively. Additionally, vertical distribution of these probabilities has
revealed a weak occurrence of dynamical instability around 90 km, and this fact can be related to the double
mesopause typically observed in this site.

1. Introduction

It is widely accepted that atmospheric waves transport their energy and momentum from the lower to the
upper atmosphere. Also, scientific community recognizes that most of these waves, mainly gravity waves
(GWs), break and deposit energy and momentum in the mesosphere/lower thermosphere (MLT) region.
This process causes the turbulence increasing, which in combination with the temperature inversion in meso-
pause region makes the MLT as one of the most interesting regions for investigation in atmospheric physics.
These vertical gradients on temperature profiles can be greater than the dry adiabatic lapse rate leading to
convective instability occurrence. Likewise, in the presence of vertical shear in horizontal wind, dynamical
instabilities can also occur. Numerous theoretical and numerical simulation studies have helped to improve
our understanding of the role of these instabilities in the GW breaking [e.g.,Hodges, 1967; Lindzen, 1981; Fritts
and Rastogi, 1985; Fritts and Yuan, 1989; Andreassen et al., 1994, 1998; Fritts et al., 1994, 1997, 1998; Isler et al.,
1994; Lombard and Riley, 1996; Sonmor and Klaassen, 1997; LeLong and Dunkerton, 1998a, 1998b; Liu et al.,
1999]. Also, some observational studies have shown the presence of these instabilities and related them to
the breaking of GW (see Fritts and Alexander [2003, and references therein] for a complete discussion of
instabilities role on GW propagation) leading to the conclusion that both of these instabilities are dominant
mechanisms for GW breaking in the MLT region.

Owing to the importance of these instabilities in the mesopause, their characterization is fundamental for our
improvement in the understanding of the dynamics in this region. Up to now such studies have been done
only in the Northern Hemisphere [e.g., Zhao et al., 2003; Li et al., 2005a, 2005b; Sherman and She, 2006].
Although these four works presented annual variation on the relative frequency of occurrence in convective
and dynamical instabilities, they diverge with respect to the value of these probabilities. For example, the
mean probability for convective instability occurrence ranges from less than 1.4% to 8% [Sherman and She,
2006; Zhao et al., 2003]. This indicates that more studies are necessary for a better comprehension of instabil-
ities and how they vary from one site to another. Also, since all the reported works were done in Northern
Hemisphere and there is no report of such work in the Southern Hemisphere where different background
atmospheric condition exists, it acts as motivation for the present paper.
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We have analyzed 2 years of simultaneous Na lidar temperature and meteor radar wind data and found
that the condition for the local unstable region (based on Richardson number, Ri< 0.25) is often reached
in about 98% of the analyzed cases. Moreover, in some of these cases the Brunt-Väisälä frequency reaches
values about 4 times smaller than the standard ones (~5min), implying the existence of strong vertical
temperature gradients. Additionally, large vertical shear in horizontal wind are also often observed which
contribute for the high frequency of instability occurrence.

In this work, we investigate the dynamic and convective instabilities in the MLT region by using temperature
and wind data simultaneously. The occurrence of these instabilities can be a start to a favorable feedback for
wave breaking, momentum deposition, and acceleration of themean flow, and also on the large vertical wind
shear [Liu et al., 2014].

In section 2 we present some theoretical tests investigating the importance of temperature gradient
and horizontal wind gradient for the Ri reaching the critical values for the dynamical instability. In
section 3, we show some results and comparison between dynamical and convective instabilities. On
section 4 we present the comments and discussion, and finally, on section 5, we present a summary.

2. Method

Sodium temperature lidar is located at São José dos Campos (23°S, 46°W), and an all-sky meteor radar is
located at Cachoeira Paulista (22.7°S, 45°W), about 100 km away. Our Na lidar operated measuring tempera-
ture profiles between 2007 and 2009. Transmitter generates 589 nm pulses by mixing the output of two
pulsed neodymium:yttrium/aluminum/garnet (Nd:YAG) lasers, seeded by continuous wave Nd:YAG seeders
operating at 1064 and 1319 nm, respectively. By thermally tuning the seeders it is possible to switch the out-
put wavelength between the sodiumD2a resonance peak and the crossover minimum. Temperature is deter-
mined by comparing the scattering from the sodium layer at these two wavelengths, and it allows
determining temperature with 300m range resolution and about 3min time resolution. More details about
the lidar system and the method for inferring temperature can be found at She et al. [1990], Yang et al.
[2010], and Clemesha et al. [2011].

Hourly winds from 80 to 100 km, with 2 km height resolution, were inferred by an all-sky meteor radar.
Details about the meteor radar wind approach and technical information about the used system can
be found at Hocking et al. [2001] and Batista et al. [2004], respectively. According to these previous
studies, error on meteor wind analysis is about 1m/s (86–93 km) and increase to around 2 or 3m/s

Figure 1. Histogram showing the simultaneous Na lidar temperature and meteor Wind data between 2007 and 2008.
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on the top (above 95 km) and the bottom (bellow 84 km) of meteor region. This meteor radar has
been operating almost uninterruptedly since April 1999. But, there are two long periods in which
radar stopped working: from August 2006 to September 2007, and from November 2008 to June
2012. The simultaneous data from September 2007 to October 2008 totalize 89 nights. Out of which
only 79 nights that have more than 3 h of temperature observations (totalize 589 h) have been ana-
lyzed in this study. Monthly variation of the number of our simultaneous data observation is shown in
Figure 1. Clearly, the period with more observation is from May to July of 2008. On the other hand,
there is no observation during November and December 2007 and January 2008. It is because in sum-
mer period cloudiness and rains occur almost every evening in this region, making it impossible for
Na lidar operation.

Richardson’s number was used as a dynamical instability indicator. It is a nondimensional index that mea-
sures the fluid’s tendency to remain stratified. When Ri drops down to 0.25 the flow starts to be turbulent.
So a necessary condition but not sufficient condition for instability is Ri less than 0.25 [Miles, 1961]. It can
be calculated by

Ri ¼ N2

du=dz
� �2 (1)

with N2 ¼
g ∂T�

∂z � α�
� �

T zð Þ

0
@

1
A (2)

where du
�
dz ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ΔU²þΔV ²ð Þ

p
Δz is the vertical shear in horizontal wind, z is height, ∂T

�
∂z is the vertical gradient of

temperature, g is the gravity acceleration, and α* =� 9.5(K/km) is the dry adiabatic lapse rate. Equation (2)
is the square of Brunt-Väisälä frequency (N2), and convective instability may occur when N2 is negative. It is
also important to mention that several authors have suggested that instabilities may occur outside of these
critical limits [e.g., Fritts and Alexander, 2003, and references therein]. Nevertheless, several observational stu-
dies in the mesopause region have shown good agreement with these indicators [Hecht et al., 1997;Williams
et al., 2002; Li et al., 2005a; Cai et al., 2014; Takahashi et al., 2014]. Hence, in the present work, we will use
N2< 0 and 0< Ri< 0.25 for convective and dynamical instabilities, respectively.

Brunt-Väisälä frequency depends basically on vertical temperature gradients; on the other hand, Ri
depends not only on temperature but also on the horizontal wind. So simultaneous measurements of
temperature and winds are required for evaluating convective and dynamical instabilities. Most of the
studies about instabilities in the MLT region were done by using a high-resolution Doppler lidar for
measuring both temperature and winds [e.g., Li et al., 2005a; Sherman and She, 2006]. Although we have
a high temporal/spatial resolution in temperature measurements, our Na lidar cannot obtain winds. So
we decided to use a meteor radar data for measuring horizontal winds in the MLT region. In order to
minimize the temporal and spatial resolution differences between these two equipments, wind data
were interpolated by a spline function in time. Moreover, temperature profiles were smoothed in width
of 2 km vertical and 0.5 h in time. Owing to the fact that for convective instability analysis we need only
temperature measurements, we have used the high temperature resolution. So N2 were inferred into
two different temporal/spatial resolutions to evaluate convective instability and its probability of occur-
rence; vertical temperature gradients were inferred over the smoothed temperature profiles and using
the numerical differentiation using 3-point, Lagrangian interpolation, which provides N2 values at the
same resolutions as temperature. However, for dynamical instability we need N2 at the same resolution
as the winds. Therefore, we averaged those smoothed temperature profiles, each 2 km height and half
hour, and the vertical temperature gradient were inferred by the declivity of a linear fitting every two
subsequent vertical points. Comparison between the two different ways for inferring N2, not shown
here, has revealed similar results supporting the methodology. The vertical shear in horizontal wind

was calculated by the vector sum of the vertical variability in each wind component:
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ΔU² þ ΔV²ð Þ

p
,

ΔU=Uz2�Uz1, where Uz is the mean the zonal wind at the altitude z (z2> z1), and so on for the mer-
idional component, ΔV.
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2.1. Test Study

In order to understand how the
temperatures and the wind gradi-
ents can lead to a critical value of
Ri< 0.25 we have performed
simple theoretical studies by using
MLT winds and N frequency
models representing commonly
observed values. Horizontal winds

were inferred considering only the prevailing winds plus the two more important tidal components by using
the following equations:

U z; tð Þ ¼ UM þ UDsin 2π
t
TD

� Z
λD

� 	� 	
þ USDsin 2π

t
TSD

� Z
λSD

� 	� 	
(3)

V z; tð Þ ¼ VM � VD cos 2π
t
TD

� Z
λD

� 	� 	
� VSD cos 2π

t
TSD

� Z
λSD

� 	� 	
(4)

where U and V are zonal and meridional components of the horizontal wind, respectively; T is the wave
period; the λ is the vertical wavelength; t is time; and z represents the corresponding altitude. The subscript
indices, M, D, and SD, represent mean wind, diurnal tide, and semidiurnal tide, respectively.

We have implemented three tests as displayed in Table 1. The values attributed to each parameter were
based on earlier observational studies made at the same location by Batista et al. [2004]. On test 1 we have
considered the background wind with diurnal tide amplitude and short vertical wavelength observed on
equinoctial condition. The purpose of this test is to study if wind shear from diurnal tide alone can generate
dynamical instability. So we consider that Brunt-Väisälä period does not change either with time or with
height, assuming the value of 5min. The parameter Δz was defined by the vertical wind height resolution,
and for this reason, its value is set as 2 km. From Figure 2 we can see that even if the shear is large, about
30m/s/km, the Ri values are around 2. Hence, far from the value of 0.25 required for the onset of dynamical
instability. Therefore, even in the equinoctial time when diurnal tide has large amplitude and shear, its shear
rate alone cannot exceed the fluid’s tendency to remain stratified. In the second test, we include the semi-
diurnal tide, and so the shears became a bit larger than in the test 1. Again, no changes on the Brunt-
Väisälä period were considered. In Figure 3 we can see the results for Ri become smaller than those from test
1, but never reaching 0.25. In test 3, we estimate the buoyancy frequency boundary considering equinoctial
tide conditions in order to satisfy Ri=0.25. In Figure 4 we can see that on the regions of larger wind gradients,
N~ 13min is enough for starting the instability. Note from equation (2), that N2 depends on the vertical gra-
dient of temperature. Considering equinoctial tidal wind pattern, a temperature gradient of at least�8 K/km
is required for starting the dynamical instability. A quick search on temperature data during fall, March/April,

Table 1. Values for the Parameters Used for Each One of the Three Tests

Parameters Test 1 Test 2 Test 3

UM, VM (m/s) 10, 5 10, 5 10, 5
UD, VD (m/s) 50, 60 50, 60 50, 60
λD (km) 24 24 24
USD, VSD (m/s) 0, 0 20, 10 20, 10
λSD (km) – 80 80
N (min) 5 5 ?
Δz (km) 2 2 2

Figure 2. (a) Richardson number expected for test 1, considering Brunt-Väisälä frequency constant, and (b) vertical shear in horizontal wind due to only diurnal tide,
commonly observed at equinoctial time.
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and spring, September/October, totalizing 33 nights with more than 3 h observation shows that this condi-
tion is often reached. In order to exemplify, we show in Figure 5 measured temperature contour plot for
the night of 5 and 6 September 2008 as a function of time and height, with no smoothing. We clearly see
the downward movement of the local temperature minimum, suggesting the presence of tidal propagation,
from around 95 km at 22:00 UT to about 87 km at 26:00 UT. On the right side of the same figure it shows the
time averaged temperature profile where a vertical gradient of temperature of ~�9 K/km between 83 and
89 km can clearly be seen. This suggests that at some moments and regions there are temperature gradients
even stronger than that, as shown in Figure 6 (middle). So we decide to infer Ri and N2 on all simultaneous
data withmore than 3 h observation and study the seasonality of the probability of dynamical and convective
instabilities to occur. These probabilities are determined by the relative frequency of occurrence of each
instability. For example, the probability for convective instability: P(N2< 0) = (total number of events with
N2< 0)/(total observation) × 100%.

3. Results

Figure 6 shows the contour plot for temperature (Figure 6, top), vertical temperature gradient (Figure 6, middle),
and square of Brunt-Väisälä frequency (N2) (Figure 6, bottom) during 5 September 2008. In this case, we have
used a numerical differentiation in order to get the vertical gradients. We can clearly see that the temperature
gradients (Figure 6, middle) can reach values stronger than �11 K/km, around 87 km after 24:30 UT.
Moreover, the dotted contour in Figure 6 (bottom) indicates the zero values for N2. So we can observe that
for the same regions where temperature gradients were stronger than �9 K/km the N2 became negative,
indicating a convective instability. To this specific night the probability of convective instability occurrence
is around 4%. In order to compare convective and dynamical instabilities, zonal and meridional wind compo-
nents are shown in Figures 7a and 7b, respectively. Moreover, to emphasize the tidal presence, we show 48 h

Figure 3. (a) Richardson number expected for test 2 and (b) horizontal wind gradient due to diurnal and semidiurnal tidal wind conditions commonly observed at
equinoctial time.

Figure 4. (a) Test simulation of Brunt-Väisälä period threshold expected if Richardson number is 0.25. (b) Horizontal wind gradient due to tidal wind conditions com-
monly observed at equinoctial time.
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of meteor radar data, starting on 00:00 UT on 5 September 2008. We can see the well-defined diurnal tide
propagation with its downward phase propagation, for example, in the zonal component, where positive

phase starts on 00:00 UT around
100 km and reaches 80 km at around
24:00 UT. The dashed rectangle indi-
cates the simultaneous times with
temperature measurements. We can
see that the zonal wind was not so
large at that moment, but the meri-
dional wind has its amplitude
increasing, showing the phase quad-
rature movement of the tide. Inside
of this rectangle we can see that ver-
tical shear occurs in both com-
ponents, being stronger at higher
altitudes. This is confirmed in
Figure 7c where vertical shear of hor-
izontal wind is larger above 90 km.
Still on the same figure, it shows the
temperature gradient (Figure 7d);
however, in this figure it was inferred
by the angular coefficient from a lin-
ear fitting at each 2 km and 1 h inter-
val. The altitude axis corresponds to
the midpoint of height interval.
Comparing to the previous figure,
we can see that the results are very
similar, so both techniques can be
used to infer gradients. Supporting
our thesis, the temperatures gradient
reached �11 K/km around 24:30 UT
and centered on 87 km. Moreover,
we can see that gradients of at least
�4 K/km are holding through almost
all the observation period, from 85
to 88.5 km.

Richardson numbers were inferred
for this event, and it can be observed
in Figure 8a. For better identification

Figure 5. Temperature measured with Na lidar at São José dos Campos on 5 September 2008.

Figure 6. (top) Smoothed temperature, its (middle) vertical gradient, and the
(bottom) square of Brunt-Väisälä frequency. The dotted lines on Figure 6
(bottom) identify the zero values, so inside of this contour N2< 0. All these
results were obtained with a Na lidar temperature at São José dos Campos,
on 5 September 2008.
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Figure 7. Hourly (a) zonal and (b) meridional wind (m/s) data obtainedwith an all-skymeteor radar at Cachoeira Paulista, on
5 and 6 September 2008. (c) The vertical shear of horizontal wind at simultaneous time as the observation on temperature.
(d) The vertical temperature gradient inferred by the angular coefficient from a linear fitting at each 2 km and 1 h interval.

Figure 8. Comparison between dynamical and convective instabilities. (a) Ri obtained with a Na lidar temperature at São
José dos Campos and meteor radar wind data simultaneous observed on 5 September 2008. Values in dark blue indicate
dynamical instability limits 0.25. (b) Brunt-Väisälä frequency, crosshatch, indicates negative values and an indicative of
convective instability.
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of dynamical instability condition 0< Ri< 0.25, the black regions indicate Ri< 0; the blue region indicates
0< Ri< 0.25, and the light blue and red regions indicate no instability condition reached. On this day, we
can observe that instability condition was reached at several regions; at the beginning of night on 22:30
UT it occurs in two regions around 82 km and above 95 km, in this last altitude, extending up to 23:30 UT.
Also, at 23:30 UT, a possibility of dynamical instability is reached around 86 km, rising to 88 km around
24:30 UT and coming back at 26:30 UT up to 27:00 UT again at 86 km. Focusing on this last case, the
dynamical instability occurrence between 85 and 87 km can be compared with convective instability, N2< 0,
Figure 8b in the same figure. The dashed pink line indicates the altitude layer of the convective instabilities,
from 87 to 89 km, and we can see that the dynamical instability happened below and before the convective
one. This fact is also observed on the other cases analyzed. This happens as a consequence of equations (1)
and (2), Ri reduces its values as wind shear increases and/or N2 becomes smaller. On the other hand, N2

Figure 9. Statistical analysis of seasonal probability occurrence of convective instability, N2< 0. The color shades corre-
spond to each season: the light blue represents spring, the yellow represents summer, the light red represents fall, and
the light grey corresponds to the measurements during Winter.

Figure 10. Statistical analysis of seasonal relative occurrence of the dynamical instability, 0< Ri< 0.25. The color shades
correspond to each season: the light blue represents spring, the yellow represents summer, the light red represents fall,
and the light grey corresponds to the measurements during winter.
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became negative only when tem-
perature vertical gradient is smaller
than the adiabatic lapse rate. That
mean as altitude increases, the
vertical temperature gradient is
becoming more negative and the N2

decreases its values allowing the
condition for dynamical instability
occurrence. Meanwhile, N2 continues
decreasing till it becomes negative
and convective instability is reached.
Moreover, as a consequence of
equation (1), at the same time when
convective instability happens, Ri
values became negative. This can be
seen again at 26:30 UT. Also, the prob-
ability of occurrence of dynamical
instabilityon5September2008 is~8%.

In order to evaluate the variation of occurrence of convective instability with the time of the year we present
in Figure 9 the probability for all data analyzed. As N2 values depend only of temperature measurements, we
extended this analysis up to December 2008, so we can have a better sample for summer. We can observe an
annual behavior when convective instability has a minimum probability of occurrence in winter and a max-
imum in summer, with large day to day variability, though. Moreover, the probability for convective instability
remains below 6% most part of the year.

The seasonal variation of the relative frequency for the occurrence of dynamical instability is presented in
Figure 10. On this statistical analysis, we can see that dynamical instability has a minimum probability of
occurrence in fall 2008 and in spring 2008, and maxima during spring 2007 and winter 2008. Comparing to
Figure 9, it is evident that the probability for dynamical instability is much higher than for convective instabil-
ity. The ratio between probability of dynamic and convective instabilities is 5.6. The mean probabilities of
convective and dynamical instabilities are observed to be ~3% and 17.5%, respectively. Additionally, both
instabilities have an annual variation in the relative frequency of occurrence, although having their maximum
in different seasons. These are more evident in Figure 11, where all mean probabilities are displayed together.
So we can easily compare the seasonal variability of convective and dynamical instabilities. Note that we kept
the mean probability for summer; however, this is not representative for this season owing the low sampling,
only two nights as shown in Figure 1. Then, disregarding summer, a maximum is observed on spring for both
dynamical and convective instabilities. Furthermore, a minimum probability of dynamical instability occurs
either on fall as on the second spring. On the other hand, convective instability occurs with lower probability
on winter. The mean probability of occurrence of any unstable region based on Ri< 0.25 remains higher than
17% at any season for both 2007 and 2008. Also, this total instability probability has an annual variation with
maximum in spring and minimum in fall.

We also evaluate the height distribution of these probabilities as it can be seen in Figure 12. We can clearly
see that the dynamical instability has almost the same pattern behavior of its height probability distribution
among seasons. In other words, dynamical instability rarely occurs from 84 to 92 km through the year. Also,
we can note the highest occurrence of dynamical instability above 95 km. For convective instability, on the
other hand, it seems not to have a height preference for occurrence. It remains almost constant at all alti-
tudes. However, convective instability presents much more season to season variability than dynamical ones.

4. Discussion

We have analyzed ~590 h of simultaneous temperature and wind data at the MLT region from 2007 to
2008 at around 23°S, in order to study dynamical and convective instabilities. Our analyses have shown
that the condition for local unstable region (based on Ri< 0.25) from 82 to 98 km is often reached, about
98% of the analyzed cases, very close to the 90% observed by Li et al. [2005a]. Furthermore, the

Figure 11. Comparison of mean seasonal probability occurrences.
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dynamical instability generally occurs below and before the convective instability in accordance with the
previous works from Zhao et al. [2003] and Li et al. [2005a]. Zhao et al. [2003] using a high-resolution Na
lidar wind and temperature data collected at Starfire Optical Range, near Albuquerque, NM (35.0°N, 106.5°W),
attributed the found behavior to the phase difference between tidal temperature and wind perturbations.
They also observed that both instabilities have a minimum probability of occurrence in summer and a
maximum in winter, partially agreeing with our results at least with respect to an annual cycle. Moreover,
they have shown that semidiurnal tides have significant impacts on the distribution of convectively
unstable regions. This is because the convective instability depends basically on negative vertical gradient
of temperature, so they found that the convective instability occurs generally in the upper part of
semidiurnal tidal temperature perturbation.

Li et al. [2005a] reported the characteristics of instabilities in the mesopause region over Maui, HI (20.7°N,
156.3°W), using also a Na lidar measurements. They studied 19 nights, ~133 h of high-resolution wind and
temperature data. Moreover, in their work they found that mean probabilities of convective and dynamical
instabilities are observed to be 2.9% and 10%, respectively. Their probability for convective instability occur-
rence is very close to 3.1% found in the present work, which can be attributed to the fact that we are using
almost the same resolution of temperature data, 3min and 300m, to evaluate N2. So the wave spectra which
could induce convective instability starting on N period ~5min, for both works, are the same. For dynamical
probability, though, their relative frequency is much lower than the 17.5% we obtained. In this case, it is
important to remember that we are using lower temporal (0.5 h) and height (2 km) resolution when inferring
the vertical wind shear; therefore, one would expect fewer occurrences of dynamic instability since we had
reduced the resolution of N2 to that of the wind shear. Sherman and She [2006] also studied the dynamical
and convective instabilities at mesopause region, over Fort Collins, CO (41.1°N, 105.1°W), using Na lidar tem-
perature and wind data. They found that at a given altitude, the probability for convective instability is less
than 1.4% for all seasons and the probability for dynamic instability (in the sense of Richardson number)
ranges from 2.7% to 6.0%. They also investigated the influence of using lower resolution of data and the
impact on the probabilities. They attributed their lower probability instabilities to time integration (15min
or 1 h) so short-period GWs were smoothed out. Moreover, they show large wind shear in higher altitudes,
often exceeding 40m/s/km near 100 km, which they attribute to the combination of high amplitudes of tides
and long-period GW. The ratio of relative frequency of occurrence between dynamic and convective

Figure 12. Vertical distribution of probabilities for each season. The full black line represents fall, the dashed red line indi-
cates spring, the dotted pink means summer, and the dash-dotted blue line represents winter.
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instabilities from Fort Collins was 5.0 (using the same resolution for temperature and wind), close to the pre-
sent analysis, 5.6. So this suggests that long-period GW (longer than 30min) can be the responsible for the
dynamical instability.

The lower probability of dynamical instability occurrence at around 90 km is also reported by Li et al. [2005a];
not being so pronounced as shown in Figure 12, though. The probability of dynamical instability drops to
zero at around 87 km, for almost all seasons, indicating a stable region around this altitude through the year.
Clemesha et al. [2011] reported that the average temperature profiles typically show double mesopause, a pri-
mary close to 100 km and a secondary close to 87 km; this is also reported by Yu and She [1995] and Xu et al.
[2007]. This double mesopause implies a positive temperature vertical gradient around 90 km, and so a
stable layer is established. Hence, the amplitude of the waves can keep growing and their breaking will
occur at somewhat higher altitude. The more interesting thing is that this stable layer is well defined at all
seasons, showing that this pattern remains throughout the year. This can be a result of a quite uniform
altitude and temperature of the mesopause throughout the year at low latitude, as reported by Xu
et al. [2007]. Moreover, double mesopause will also create a negative vertical temperature gradient, estab-
lishing the primary mesopause around 100 km, and so turning this region favorable for instabilities to
occur. This agrees well with the increasing in the dynamical probability occurrence around 95 km shown
in Figure 12. It is important to note that our analysis is done with temperature and wind data measured
at night. Likewise, it is well known that both variables have time dependence, so these characteristics of
dynamical and convective instabilities might change in 24 h observation. For this reason, more studies are
necessary in order to clarify this possible time dependence on the instabilities characteristics as well as
their implications in the MLT dynamics.

5. Summary

Our study has shown that dynamical and convective instabilities occur almost all nights, namely, 98%
(Ri< 0.25). This is an indicative that the favorable condition for starting the processes of GW breaking is often
happening. The mean probabilities of convective and dynamical instabilities to occur, at any altitude from 82
to 98 km, are observed to be ~3 and 17.5%, respectively. Our results agree in part with those presented by Li
et al. [2005a], i.e., larger probability for dynamical instability than convective. Moreover, it is observed an
annual seasonal variation in the probabilities of convective instability with minimum occurrence on winter.
However, the seasonal variation on probability for dynamical instability seems to have a year-to-year depen-
dence. The difference in resolution used to evaluate convective (N2< 0) and dynamical (0< Ri< 0.25)
instabilities and the higher relative frequency of occurrence for dynamical instability suggest that long-
period gravity wave (period> 30min) should be responsible for keeping the long duration of this instability.
Distribution of instabilities as a function of altitude reveled an almost constant probability of convective
instability; on the other hand, dynamical instability is rarely observed around 90 km, showing a stable layer
around this altitude. This last is in good agreement with the double mesopause occurrence reported by
Clemesha et al. [2011]. Still, more studies are necessary in order to clarify this seasonal dependence of convec-
tive instabilities and the impact of data resolution as well as their implications in the MLT dynamics.
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