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Abstract
We have studied the convective (or static) and dynamic instabilities between 80 and 100 km above Tromsø (69.6° N, 19.2° E) using temperature and wind data of 6 min and 1 km resolutions primarily almost over a solar cycle obtained with the sodium lidar at Tromsø. First, we have calculated Brunt–Väisälä frequency (N) for 339 nights obtained from October 2010 to December 2019, and the Richardson number (Ri) for 210 nights obtained between October 2012 to December 2019. Second, using those values (N and Ri), we have calculated probabilities of the convective instability (N2 < 0) and the dynamic instability (0 ≤ Ri < 0.25) that can be used for proxies for evaluating the atmospheric stability. The probability of the convective instability varies from about 1% to 24% with a mean value of 9%, and that of the dynamic instability varies from 4 to 20% with a mean value of 10%. Third, we have compared these probabilities with the F10.7 index and local K-index. The probability of the convective instability shows a dependence (its correlation coefficient of 0.45) of the geomagnetic activity (local K-index) between 94 and 100 km, suggesting an auroral influence on the atmospheric stability. The probability of the dynamic instability shows a solar cycle dependence (its correlation coefficient being 0.54). The probability of the dynamic instability shows the dependence of the 12 h wave amplitude (meridional and zonal wind components) (C.C. = 0.52). The averaged potential energy of gravity waves shows decrease with height between 81 and 89 km, suggesting that dissipation of gravity waves plays an important role (at least partly) in causing the convective instability below 89 km. The probability of the convective instability at Tromsø appears to be higher than that at middle/low latitudes, while the probability of the dynamic instability is similar to that at middle/low latitudes.
Graphical Abstract

[image: ]


Keywords
Polar upper mesosphereSodium lidarConvective instabilityDynamic instabilityStatic instabilitySemidiurnal tideGravity wave dissipationBrunt–Väisälä frequencyRichardson number
Abbreviations
	C.C.
	Correlation coefficient

	EISCAT
	European Incoherent Scatter

	EUV
	Extreme ultraviolet

	GW
	Gravity wave

	Lidar
	Light detection and ranging

	MLT
	Mesosphere and lower thermosphere

	SD
	Standard deviation

	Sq
	Solar Quiet




Introduction
The polar mesosphere and lower thermosphere (MLT) is one of the unique regions in terms of the vertical coupling between the magnetosphere and atmosphere. The solar wind energy comes into the lower thermosphere, and even the mesosphere, but its quantitative effect on the MLT is still poorly understood. Atmospheric waves (gravity, tidal, and planetary waves) are generated in the troposphere and stratosphere, and propagate upward with their amplitudes growing. Most gravity waves break in the upper mesosphere (in particular, around the mesopause region), and provide energy and momentum to the atmosphere there, and generate atmospheric instabilities (e.g., Fritts and Alexander 2003). This paper investigates probabilities of the convective and dynamic instabilities (e.g., Stull 2020) of the atmosphere in the polar upper mesosphere and their causes. The atmosphere becomes unstable when the vertical temperature gradient becomes less than − g/Cp (= − 9.5 K/km at around 100 km in altitude; Cp is the constant pressure specific heat and g is the gravitational acceleration: 9.5 m/s2 in the mesopause region): this is the convective (or static) instability occurring mainly in the troposphere. In the upper mesosphere, it is convectively stable on average, but some disturbances (e.g., gravity waves and tidal waves) make the atmosphere unstable from time to time (e.g., Zhao et al. 2003). Zhao et al. (2003) using 32 night/195 h data obtained at Albuquerque, NM (35° N, 106.5° W) showed that the semidiurnal tide has significant impacts on the distribution of the convectively unstable region. Li et al. (2005) using 19 night/133 h data obtained at Maui, Hawaii (20.7° N, 156.3° W) identified links between instabilities and mesospheric inversion layers, and consistent correlation of the atmospheric convective stabilities with the vertical shear in horizontal winds. Li et al. (2005) pointed out that the instability is almost always present at some altitudes (between 85 and 100 km) at a given time. Sherman and She (2006) using data obtained at Fort Collins, CO (41° N, 105° W) focused on altitude-resolved statistics. Maximum wind shears were most often observed at 100 km in winter, while maximum shears were least likely observed near the sodium layer centroid (90–93 km) in winter when the observed wind shears were larger than those observed in other seasons. Large shears were observed most often in winter, possibly due to increased gravity wave activity near winter solstice. To evaluate the convective stability, temperature measurements are required as a function of altitude; metal resonance lidars can provide temperature data with good quality as a function of altitude and time. Furthermore, some sodium lidars can provide wind velocity data as well. Brunt–Väisälä frequency (Emanuel 1994) and Richardson number (Kundu et al. 1990) can be calculated as follows:[image: $$N = \sqrt {\frac{g}{T}\left( {\frac{\partial T}{{\partial z}} + \frac{g}{{C_{{\text{p}}} }}} \right)} ,$$]

 (1)


[image: $${\text{Ri}} = \frac{{N^{2} }}{{\left( {\frac{{{\text{d}}u}}{{{\text{d}}z}}} \right)^{2} + \left( {\frac{{{\text{d}}v}}{{{\text{d}}z}}} \right)^{2} }},$$]

 (2)


where T is temperature, z is altitude, u and v are zonal and meridional wind velocities. When N2 becomes negative, the atmosphere is convectively unstable, and when Ri becomes smaller than 1/4, the atmosphere can be dynamically unstable. The convective instability is characterized by the vertical gradient of the temperature, while the dynamic instability is determined by both the vertical temperature gradient as well as the vertical shear of the horizontal winds. Li et al. (2005) pointed out that the dynamical instability, in a statistical sense, is a result of the combination of reduced convective stability and enhanced wind shear.
As far as we know, there are four statical studies published which investigated the convective and dynamic stabilities in the upper mesosphere: they were conducted at Starfire optical range, New Mexico (35.0° N, 106.5° W) (Zhao et al. 2003), Maui, Hawaii (20.7° N, 156.3° W) (Li et al. 2005), Fort Collins, Colorado (41.1° N, 105.1° W) (Sherman and She 2006), and São José dos Campos (23.1° S, 45.9° W) (Andrioli et al. 2017). The data of all the studies were obtained at middle/low latitudes. We conducted the first statistical study about the atmospheric stabilities in the polar upper mesosphere (80–100 km) at high latitudes, where the solar wind energy input is present from time to time, from October to March in the Northern hemisphere. The primary purpose of this paper is to present observational results of the convective and dynamic instability occurrence between 80 and 100 km in the polar (winter) upper mesosphere. First, we will show sample data of temperature and wind obtained on the night of December 19, 2018, and then show variations of the square of Brunt–Väisälä frequency and Richardson number as functions of time and altitude. Next, we introduce probabilities of the instabilities. Then, statistical results will be presented. We will show correlations between the probabilities and several parameters (F10.7 index, local K-index, 12 h wave amplitude). Finally, based on these results with an altitude profile of the potential energy of gravity waves (GWs), we will suggest the causes of the convective and dynamic instabilities in the polar upper mesosphere. In this study, only vertical changes of temperature and wind were analyzed. Possible other instabilities from inertia and rotation, horizontal wind shear (cf. Sedlak et al. 2021) or non-local turbulence could not be evaluated.

Datasets
The sodium lidar at Tromsø started observations of temperature and sodium density in October 2010 (see Nozawa et al. 2014). Details of the sodium lidar system were described in Nozawa et al. (2014) as well as Kawahara et al. (2017). Since October 2012, we have operated the sodium lidar with a five-beam mode in which the laser is emitted simultaneously in five directions (vertical, south, north, west, and east), and scatter light from the sodium layer is received using five receiving systems. This mode allows us to derive vertical, northward, and eastward winds velocities. In this study, we used data whose data cover at 90 km is longer than 4 h per night. The maximum error values accepted are set to be 5 K and 15 m/s to derive probabilities.
In total, we have temperature and wind data for 339 nights (3724 h) and 210 nights (2048 h), respectively. Figure 1a, b, c, d shows in histograms how many days and hours per month could be used for the convective instability analysis (a and b) and the dynamic one (c and d), respectively.[image: ]
Fig. 1Histograms of the number of days and hours. Histograms of the number of days used for the a convective and c dynamic instabilities, and the number of hours used for the b convective and d dynamic instabilities


Both the number of days and hours are the largest in December and January, and the smallest in October and March. The number of the data obtained between October 20 and February 20 (i.e., in winter) is 298 days (3408 h) and 185 days (1874 h) for temperature and wind data, respectively. It should be kept in mind that almost all the data (~ 90%) were obtained in winter. This is mainly because of no dark periods during summer and longer twilight hours during equinoxes. We used the Lomb–Scargle method for deriving 12 h, 8 h, and 6 h periodic (wave) components, which is based on least-squares frequency analysis of unequally spaced data (cf. Hocke 1998, and reference therein). To derive 12 h and 6 h wave components, we used only those nights with a measurement duration longer than 12 h with data availability of at least 55% of the value of those measurements. In total, we collected 248 nights and 154 nights of temperature and wind datasets for derivations of the 12 h and 6 h components, respectively. We used 16-h length data (data coverage being larger than 55%) to derive an 8-h component. These 3 periodic components (with a mean value) were used to calculate the background temperature when we derived the potential energy of gravity waves (Eq. 5). The 12-h component is treated as the semidiurnal tide in this study. It should be kept in mind that we had to ignore a possible contribution of the 24-h component. The 24-h amplitude is believed to be smaller than that of the 12-h amplitude in the polar upper mesosphere (Pancheva et al. 2020), but it would play a role (at least partly). However, due to the usage of nightly observational data (19 h at longest), we cannot derive the 24-h component properly. This is one of limitations of this study.
To investigate the possible relation between the atmospheric instabilities and auroral effects, we used the local K-index at Tromsø. The K-index is a frequently used geomagnetic activity index which goes far back in time (e.g., Bartels et al. 1939). The index is derived from magnetic observatory data, more specifically, the two horizontal components. The goal is to have the index represent geomagnetic variations of external, solar-terrestrial interaction, origin, and therefore the Earth internal and crustal magnetic field component as well as the Solar Quiet (Sq) variation is removed. Then the largest range among the two horizontal components (north and east) is taken, and a number between 0 and 9 is assigned according to a predefined scale. The scale is based on the Niemegk Observatory scale and adjusted according to local conditions and latitude. Owing to pragmatic reasons and history, the Tromsø K-index calculation is based on an empirical Sq variation model, and only the H-component is considered. This is easily justified by Tromsø being in the auroral zone, where disturbances are generally of a much larger magnitude (100 s of nT) compared to the Sq variation (~ 70 nT during summer) as opposed to observatories further south. Furthermore, the H-component is the dominant component associated with the magnetic disturbances seen, owing to the east–west nature of auroral currents. Because of the simplification described above, it may be assumed that the Tromsø K-values have an uncertainty of about 1 for the lower activities, but the difference is insignificant for higher activities. In Tromsø, K = 9 corresponds to a range of 2000 nT or above. When referring to the local K-index or just K-index in this manuscript, we are referring to the K-index for Tromsø magnetic observatory (TRO).

Results
We first present variations of temperature, its error values, and horizontal winds, and then the Brunt–Väisälä frequency and Richardson number obtained on the night of December 19, 2018.
A case on December 19, 2018
Figure 2a shows temporal variations of the neutral temperature between 75 and 110 km with 6 min time and 1 km height resolutions from 12 UT on December 19 to 09 UT on December 20, 2018 in the vertical direction (out of the 5 directions) obtained by the sodium lidar at Tromsø. Only data with error values less than 5 K are presented. In this study, we mainly present data with 6 min/1 km resolutions. If the weather permitted, we were able to obtain temperature data for ~ 19 h per night during months around winter solstice (i.e., December and January). The neutral temperature generally decreases with increasing height, and wavy structures, where the higher (or lower) temperature region decreases with time, can be clearly found above 90 km, probably due to the semidiurnal tide (or a 12 h gravity wave). Below 90 km, temporal/altitude variations probably due to shorter periodic waves (i.e., gravity waves) can be seen. The mean temperature over the time and height region on this night is ~ 199 K. Figure 2b shows corresponding error values. The error values sharply increase around the bottom edge of the sodium layer (say below 80 km) as the height decreases. In the figure, two black solid lines with error values of 2 K (~ 1% of the mean temperature) and 5 K (~ 2.5% of the mean value) are presented. Since the sodium density is higher between about 85 and 97 km, error values are below 2 K.[image: ]
Fig. 2Variations of temperature, error values, northward and eastward wind on December 19, 2018. Temporal and altitude variations of a temperature, b its error values, c northward and d eastward winds obtained with the sodium lidar at Tromsø on December 19, 2018


Starting on October 6, 2012, we have made simultaneous five-directional measurements (vertical, south, north, west, east) with the 3-frequency mode (She and Yu 1994), allowing us to derive wind velocities together with neutral temperature and sodium density. Two observational configurations were conducted: one used an elevation angle of 60° for 4 years in the 2012, 2017, 2018, and 2019 seasons, while another pattern used an elevation of 77.5° for 4 years in the 2013, 2014, 2015, and 2016 seasons. Since our lidar measurements are conducted from October to March, we refer to as a season of observations. For example, the 2012 season corresponds to the time interval from October 2012 to March 2013. To assure the beam directions, we used star images similar to those we made for the photometer positioning (see Nozawa et al. 2018). Figure 2c, d shows temporal variations of northward and eastward wind velocities, respectively, over ~ 16 h from 13 UT on December 19 and 06 UT on December 20, 2018 as a function of height from 75 and 110 km. Data with error values less than 15 m/s are presented. The positive (negative) values correspond to the northward (southward) and the eastward (westward) directions. The reason why the wind measurement intervals are shorter than that of the temperature measurements is that we sometimes make 1-beam (only toward the vertical position) measurements for ~ 40–50 min during the twilight period surrounding the night (darkness) hours. In the vertical mode, we transmit all the laser power (about ~ 3.5 W) toward the vertical direction, so a signal five times stronger than that of the five-direction mode (~ 0.7 W each) can be obtained, allowing us to make reasonable observations under higher background noise conditions (solar illumination scatter). In Fig. 2c, d, wavy structures can be seen over the height region. For example, in Fig. 2d, an eastward wind region with a strength of ~ 60 m/s is seen at around 91 km at 14 UT, and decreases as time goes on, and reaches ~ 83 km at 21 UT. Also, it can be observed that vertical shears in the horizontal winds occur through the night. It should be pointed out that the wavy structures can be seen more clearly in wind data than in temperature data.
Figure 3a shows variations of square of Brunt–Väisälä frequency (N2) derived on December 19, 2018. Negative N2 values are denoted by black rectangles. Again, wavy structures probably due to tides and GWs are found. The averaged value of N2 is 0.00034 rad/s (corresponding Brunt–Väisälä period being 341 s) over the night, and averaged error value is 0.000132 rad/s. The atmosphere is convectively stable most of the time, and the probability of the convective instability is ~ 5.0% on this night. Figure 3b shows variations of the Richardson number (Ri) on the same night. It varied from some negative values to ~ 4. Negative Ri (i.e., negative N2) regions are denoted by black rectangles. To show dynamic unstable regions (0 ≤ Ri < 1/4) more clearly, in Fig. 3c, such unstable regions are denoted by red rectangles, while negative Ri regions are shown by black rectangles as well, and stable regions are denoted by green rectangles. On the night, the probability of dynamic instability is ~ 10.2%, thus ~ 15% (in total) of time and height regions became unstable. It should be kept in mind that unfortunately error values of Ri are relatively large, since the wind velocity measurements are involved some error values (e.g., the averaged error values are about 4 m/s for the night of December 19, 2018).[image: ]
Fig. 3Variations of square of Brunt–Väisälä frequency, and Richardson number. Variations of a square of Brunt–Väisälä frequency, b Richardson number, and c modified Richardson number. Data with N2 < 0 are denoted by black rectangles. In c, data with 0 ≤ Ri < 1/4 are denoted by red rectangles, and stable regions are denoted by green rectangles



Distribution of probabilities
We calculated the probabilities of the convective and dynamic instabilities for 339 nights and 210 nights, respectively. The probabilities of the convective (P(N2 < 0)) and dynamic (P(0 ≤ Ri < 0.25) instabilities are calculated as follows (Zhao et al. 2003):[image: $$P\left( {N^{2} &lt; 0} \right) = \frac{{{\text{Number}}\;{\text{of}}\;{\text{data}}\;{\text{with}}\;N^{2} &lt; 0}}{{{\text{Number}}\;{\text{of}}\;{\text{data}}}} \times 100\left( \% \right),$$]

 (3)


[image: $$P\left( {0 = {\text{Ri}} &lt; 0.25} \right) = \frac{{{\text{Number}}\;{\text{of}}\;{\text{data}}\;{\text{with}}\;0 &lt; {\text{Ri}} &lt; 0.25}}{{{\text{Number}}\;{\text{of}}\;{\text{data}}}} \times 100\left( \% \right).$$]

 (4)



Figure 4a, b, c shows histograms of the probabilities of the convective instability, the dynamic instability, and the sum of both (i.e., Ri < 1/4) between 80 and 100 km, respectively. Note that Fig. 4c contains data from 210 days in which both N2 and Ri values are available. Mean values are 8.7% [standard deviation (SD) = 3.6%], 10.0% (SD = 3.5%), and 18.8% (SD = 5.9%) for the probabilities of the convective and dynamic instabilities, and the sum of them, respectively. The shapes of the distribution of the probabilities of the convective and dynamic instabilities are fairly symmetric around the mean values. Comparing Fig. 4a, b, it can be seen that the dynamic instability occurs slightly more often than the convective instability. The probability of the convective instability varies from about 1% to 24%, and that of the dynamic instability varies from 4 to 20%. The distribution of the total probabilities is broader than those of the probabilities of the convective and dynamic instabilities, and ranges from 5 to 31%. Figure 4d shows a scatter plot between the probabilities of the convective and dynamic instabilities. Its correlation coefficient is ~ 0.45, indicating a bit weak correlation between them. This implies the contribution of wind shears which also plays an important role in the dynamic instability in addition to the vertical temperature gradient, and the tidal and gravity waves play important roles in making such a shear of the horizontal winds. When we use data with 15 min and 30 min temporal and 1 km altitude resolutions, the correlation shows no significant changes (correlation coefficient =  ~ 0.50 and ~ 0.42, respectively).[image: ]
Fig. 4Histograms of the number of days of the probabilities and correlations between the probabilities. Histograms of the number of days of the probabilities of the a convective and b dynamic instabilities, and c the total. d Scatter plots between the probabilities of the convective and dynamic instabilities. CC stands for correlation coefficient value



Altitude profiles of the probabilities
Figure 5 compares the altitude profiles of the probabilities of the convective (black) and dynamic (red) instabilities, and their sum (blue) from 80 to 100 km with a 1-km step. The probabilities at each height are calculated using all the data at the same height (not averaging probabilities on nights). The probability of the convective instability shows a minimum value (~ 4%) at 91 km; it increases downwards from 91 to 80 km (~ 22%), while it increases with height from 91 to 100 km (~ 9%). A similar but a slightly different shape is seen for an altitude profile of the probability of the dynamic instability; it varies with height less than that of the convective instability. The probability of the dynamic instability minimizes at 89 km with a value of ~ 8%, and is almost constant (below 10%) with height between 83 and 94 km. It increases above 94 km (except for 100 km) and below 83 km; it maximizes at 99 km (~ 15%) and it becomes ~ 12% at 80 km. The probability of the dynamic instability is larger (smaller) than that of the convective instability above (at and below) 86 km. The total probability (blue) shows a broad minimum with a value of ~ 12% between 89 and 92 km, and increases with height above (except for 100 km) and below. It becomes ~ 33% at 80 km and ~ 24% at 99 km. These results indicate that the atmosphere around 89–92 km is the most stable between 80 and 100 km in the polar upper mesosphere in winter.[image: ]
Fig. 5Altitude profiles of the averaged probabilities of the convective and dynamic instabilities and the total. Altitude profiles of the averaged probabilities of the convective (black circles) and dynamic (red circles) instabilities and the total (blue circles) between 80 and 100 km




Discussion
We have presented the probabilities of the convective and dynamic instabilities between 80 and 100 km above Tromsø; they vary depending on the day as well as the altitude. Here, by considering the correlation with 3 kinds of parameters (12 h amplitude, F10.7 index, and local K-index), we discuss and suggest the causes of the convective and dynamic instabilities in the polar upper mesosphere.
Correlation with semidiurnal amplitudes
It is well known that the semidiurnal tide plays a dominant role in the dynamics in the upper mesosphere and lower thermosphere at high latitudes (e.g., Pancheva et al. 2020; Nozawa et al. 2010), but its contribution to the convective and dynamic instabilities is not well understood. No such statistical study has been conducted. The semidiurnal tide can directly contribute to establishing the background thermal structure, and also control the GW propagations and their dissipation. Beldon and Mitchell (2010) using MF radar data obtained at Rothera, Antarctica (68° S, 68° W) suggested that the critical level filtering imposed by tidal waves in the mesosphere occur when the tidal waves are westward phase in winter, and gravity wave activity increases when the tidal waves are eastward phase. Kinoshita et al. (2015) based on MF radar data obtained at Poker Flat (65° N, 147° W) showed that the GW kinetic energy exhibited two peaks reminiscent of semidiurnal signatures in the altitude range of 78–90 km all over the year. Furthermore, they showed the phase of 12-h component of the GW kinetic energy followed the temporal variation of the phase of the 12-h component of the zonal wind. These studies indicate that the background atmosphere state is modulated by semidiurnal tides and also has a tidal-phase dependency. In the present study, however, we only investigate the relation between atmospheric stability and semidiurnal tidal amplitudes, and leave the phase dependency in future study.
We have derived 12-h periodic components (assuming the semidiurnal tide), and here compare their amplitudes with the probabilities. The semidiurnal tidal components are derived for 248 nights (temperature data) and 154 nights (wind data). Those data have (longer than) 12-h data lengths with a data coverage larger than 55% at each height. Figure 6a, b, c examines possible correlations between the probabilities of the convective instability and averaged semidiurnal amplitudes in northward and eastward wind (139 nights), and temperature (94 nights) data, respectively. The averaged semidiurnal amplitudes are presented in Fig. 6 when semidiurnal components are successfully derived (above 99% significance level) at more than 11 heights (out of 21 heights between 80 and 100 km) on any particular night. Owing to this criterion, the number of data is reduced. Correlation coefficients are 0.15 and 0.19 between the probabilities of the convective instability and the averaged amplitudes in northward and eastward wind data, respectively, indicating no correlations exist between them. From Fig. 6c, we can see a correlation (C.C. = 0.46) between the probabilities of the convective instability and the averaged semidiurnal amplitudes in temperature data, implying that the semidiurnal tide contributes to the convective instability, and other disturbances (probably GWs) are also involved. Figure 6d, e, f compares the probabilities of the dynamic instability with the averaged semidiurnal amplitudes in the northward and eastward wind (139 nights), and temperature (67 nights) data, respectively. Correlation coefficients between the probabilities of the dynamic instability and northward and eastward winds are 0.52, while that between the probabilities of the dynamic instability and that of temperature is 0.36. Thus, a fairly good correlation is found between the probability of the dynamic instability and the semidiurnal amplitudes of the winds.[image: ]
Fig. 6Scatter plots between the semidiurnal tidal amplitudes and the probabilities of the convective and dynamic instabilities. Scatter plots between the averaged semidiurnal tidal amplitudes in a northward and b eastward winds, and c temperature data and the probability of the convective instability. Scatter plots between the averaged semidiurnal tidal amplitudes in d northward and e eastward winds, and f temperature data and the probability of the dynamic instability


When a different higher criterion is used in which data are available at more than 16 heights, the correlation coefficient becomes higher (although the number of nights is reduced). The correlation coefficients between the probabilities of the convective instability and the averaged amplitudes of the northward wind and temperature are 0.25 (102 nights) and 0.73 (25 nights), respectively, and the correlation coefficients between the probabilities of the dynamic instability and the averaged amplitudes of the northward and eastward winds, and temperature are 0.58 and 0.55 (102 nights), and 0.51 (20 nights). These results indicate that the semidiurnal tide with large amplitudes plays an important role in causing the dynamic instability between 80 and 100 km in the polar MLT region, while it is an important but not dominant source for the convective instability.

Correlation with F10.7 flux
The F10.7 index is a good proxy for the Extreme Ultra Violet (EUV) flux, which partly ionizes the atmosphere in the mesosphere and thermosphere. It is expressed in the solar flux unit (sfu), where 1 sfu = 10–22 W m−2 Hz−1 (Tapping 2013). Figure 7a, b shows temporal variations of the probabilities of the convective instability (338 nights; red circles) and the dynamic instability (210 nights; blue circles), respectively, as a function of time from October 2010 and 2012 to December 2019 together with the F10.7 flux (right scale). The F10.7 flux datum is not available on January 1, 2012. The F10.7 flux shows a well-known 11-year variation from ~ 70 to over 200 (sfu). The F10.7 flux was below 80 (sfu) in 2010 and from 2017 to 2019, while it was higher from 2011 to 2015 and sometimes exceeded 200 (sfu). The probabilities of the convective instability show day-to-day variations which would be due to those of tides and GWs. No trend can be found over the 9 years in terms of the solar cycle variation in Fig. 7a. This is confirmed by Fig. 7c showing a scatter plot between the F10.7 index and the probabilities of the convective instability with a correlation coefficient of 0.18. In Fig. 7b, day-to-day variations of the probability of the dynamic instability can be seen, and the probability tends to be higher as the F10.7 index is higher. This trend is clearly found in Fig. 7d which is a scatter plot between the F10.7 index and the probabilities of the dynamic instability. Its correlation coefficient is high (0.54). Thus, it can be said that the dynamic instability has dependence on the solar activity, while the convective instability does not. While this relationship is surprising, the causative mechanism is unclear, and we plan to investigate it separately in the future. This is beyond the scope of this paper.[image: ]
Fig. 7Temporal variations of F10.7 flux, probabilities of the convective and dynamic instabilities, and scatter plots between F10.7 flux and the probabilities. a Temporal variations of F10.7 flux (solid line) with the probability of the convective instability (red circles) from October 2010 to December 2019. b Temporal variations of F10.7 flux (solid line) with the probability of the dynamic instability (blue circles) from October 2012 to December 2019. c Scatter plots between F10.7 flux and the probability of the convective instability. d Scatter plots between F10.7 flux and the probability of the dynamic instability



Auroral effect
Tromsø is located under the auroral zone, so auroral effects would influence the atmospheric stability even in the upper mesosphere. Several studies have investigated the auroral effects on the lower thermosphere, and the wind system there has been reported to show some changes due to the geomagnetic disturbances at and above 105–107 km (e.g., Nozawa and Brekke 1995; Richmond et al. 2003). As far as we know, no studies have investigated the auroral effects on the occurrence of the atmospheric instabilities in the polar upper mesosphere. We assume no auroral effects on the lidar observations, since no strong auroral emissions exist around 589 nm. Figure 8a shows a scatter plot between probabilities of the convective instability and the local K-index (3 h resolution) for 339 nights. The correlation coefficient is 0.22, implying there might be a (weak) correlation. Thus, here we have divided data into 3 height regions and calculated the probabilities at the individual height regions, such as between 94 and 100 km, 87 and 93 km, and 80 and 86 km; the results are, respectively, shown in Fig. 8b, c, d. Figure 8b shows a correlation (C.C. = 0.45) between the local K-index and the probability of the convective instability between 94 and 100 km, while no good correlations are found at and below 93 km as shown in Fig. 8c, d. There appears to be a plasma–neutral coupling process, which influences the neutral thermal structure, between 94 and 100 km. The height region due to the particle heating by auroral electrons depends on their energy (e.g., Miyoshi et al. 2015; Turunen et al. 2009, and reference therein). The energetic electrons with energy between ~ 10 keV and ~ 20 keV can heat the atmosphere between ~ 90 and 100 km, and thus it would be possible to enhance the negative temperature gradient (and induce the generation of the convective instability) above the heating region. In addition, some chemical processes related to the sodium ionization would change the vertical thermal structure.[image: ]
Fig. 8Scatter plots between the K-index and the probability of the convective instability. Scatter plots between the K-index and the probability of the convective instability a between 80 and 100 km, b 94 and 100 km, c 87 and 93 km, and d 80 and 86 km


Figure 9a shows a scatter plot between the local K-index and the probabilities of the dynamic instabilities for 210 nights. No profound correlation can be found. This is the same with divided data in the three height regions shown in Fig. 9b–d. This is consistent with the previous studies about the auroral effect on the wind system found only at and above 105 km, suggesting auroral effects cannot reach below 105 km in the wind system. To summarize possible auroral effects on the instabilities, a fairly good correlation between the local K-index and the probability of the convective instability between 94 and 100 km was found, suggesting an auroral effect would influence the thermal structure even below 100 km.[image: ]
Fig. 9Scatter plots between the K-index and the probability of the dynamic instability. Scatter plots between the K-index and the probability of the dynamic instability a between 80 and 100 km, b 94 and 100 km, c 87 and 93 km, and d 80 and 86 km



Dependence on gravity wave dissipation
In Fig. 5, we showed an altitude profile of the probabilities of the convective instability, and the averaged probability decreases with increasing height between 80 and 91 km. Figure 10a, b, c shows altitude profiles of the averaged potential energy, Brunt–Väisälä frequency and period, respectively, between 80 and 100 km. To derive these values, we used 108 nights of data which have longer data lengths (longer than 16 h with a data coverage being larger than 0.55 at each height). The mean Brunt–Väisälä period is about 323 s (5.4 min) which is almost the same as those (~ 5.0 min) reported in Zhao et al. (2003) and Li et al. (2005) for middle latitudes.[image: ]
Fig. 10Altitude profiles of averaged potential energy of GWs, Brunt–Väisälä frequency and period, and number of days used. Altitude profiles of a averaged potential energy of GWs together with a profile with no dissipation occurring (blue curve), b Brunt–Väisälä frequency, c Brunt–Väisälä period, and d number of days used. Horizontal bars in a and b denote a standard deviation


Figure 10d shows the number of days averaged at each height. Between 86 and 94 km, the number of averaged data is 108 (days), and it decreases with decreasing height, and it is only 29 (days) at 80 km. The mean Brunt–Väisälä frequency ranges from 0.018 to 0.024 rad/s, and the mean Brunt–Väisälä period ranges from 263 to 349 s between 80 and 100 km as shown in Fig. 10b, c. The potential energy of gravity waves (GWs) as a function of height (Ep(z)) is defined as (e.g., Kogure et al. 2017; Kaifler et al. 2015):[image: $$E_{{\text{p}}} \left( z \right) = \frac{1}{2}\left( {\frac{g}{N\left( z \right)}} \right)^{2} \overline{{\left( {\frac{{T^{\prime}\left( {z,t} \right)^{2} }}{{T_{0} \left( {z,t} \right)^{2} }}} \right)}} .$$]

 (5)



To extract the background temperature T0 (z, t) from the observed temperature T(z, t), we employ a similar method described by Kaifler et al. (2015). Since in the upper mesosphere, amplitudes of tidal components are significantly large compared to GW perturbations, first we subtract 12-h, 8-h, and 6-h periodic components (so-called tidal components) from T(z, t) at each height. The derived data are defined as T2(z, t). Next, a third-order polynomial is fitted to each altitude profile of T2(z, t), and then T0(z, t) is calculated at time t. Then, T′(z, t) is derived by the following formula:[image: $$T^{\prime}\left( {z,t} \right) = T_{2} \left( {z,t} \right) - T_{0} \left( {z,t} \right).$$]

 (6)



T (z,t) is the observed (temperature) data at height z and time t. After deriving potential energy profiles for 108 nights, we averaged all of them as a function of altitude, and produced the averaged potential energy profile shown in Fig. 10a. The averaged potential energy is about ~ 121 J/kg at 82 km, and it generally decreases with increasing height between 82 and 89 km, and it becomes about 64% of the value (~ 77 J/kg) at 89 km, indicating GW dissipation in the height region. Above 89 km, it generally increases with higher altitudes, but it is smaller than that without dissipation indicated by a thicker blue curve starting at 90 km (= Ep(90 km) exp((z − 90)/H) with a scale height H being 6 km assumed), suggesting that some GW dissipation occurs in this height region as well. The probability of the convective instability was also higher below 86 km, as shown in Fig. 5. The averaged potential energy of gravity waves shows decrease (less sharply) with height between 81 and 89 km, suggesting that dissipation of gravity waves plays an important role (at least partly) in causing the convective instability below 89 km. Since the negative slope of the GW potential energy is not sharp, GWs alone do not appear to explain the altitude profile of the convective instability occurrence, which is obviously influenced by the structure of N2 and also the tidal amplitudes (12 h, and probably 8 h and 6 h). We would like to point out that the correlation coefficients for temperature amplitudes of the semidiurnal tide are much larger than those for wind amplitudes shown in Fig. 6a–c.

Comparison with other sites
We here compare our results (including data with other time/height resolutions) with those obtained at four low/middle latitude stations, such as Albuquerque, New Mexico (35.0° N, 106.5° W) by Zhao et al. (2003), Maui, Hawaii (20.7° N, 156.3° W) by Li et al. (2005), Fort Collins, Colorado (41.1° N, 105.1° W) by Sherman and She (2006), and São José dos Campos (23.1° S, 45.9° W) by Andrioli et al. (2017). It should be kept in mind that data are compared with partly different time and height resolutions taken under different conditions (season, and solar activity). Table 1 compares the probabilities at Tromsø with those at the other sites. In Table 1, the probabilities with standard deviations at Tromsø with four sets of temporal and altitude resolutions are listed for comparison. The probabilities of the convective instability at Tromsø are 8.7% (6 min/1 km; SD = 3.6%), 5.2% (15 min/1 km; SD = 3.1%), 1.3% (15 min/2 km; SD = 1.4%), and 0.9% (30 min/2 km; SD = 1.1%). In general, the lower the resolutions are used, the lower the probabilities are calculated: one of the reasons for this is that short-period gravity wave perturbations that could induce the convective instability are smoothed out (Sherman and She 2006).Table 1Comparison of probabilities of the convective and dynamic instabilities


	Location
	Tromsø (69.6° N, 19.2° E)
	Albuquerquea (35° N, 106.5° W)
	Mauib (20.7° N, 156.3° W)
	Fort Collinsc (41° N, 105° W)
	SJDCd (23.1° S, 45.9° W)

	Height range
	80–100 km
	80–105 km
	85–100 km
	80–105 km
	82–98 km

	Season
	Winter
	All seasons
	All seasons
	All seasons
	All seasonse

	Solar cycle
	Full
	Middle
	High
	High
	Low

	Data
	339 nights
3725 h
	32 nights
195 h
	19 nights
133 h
	63 nights
390 h
	79 nights
589 h

	Resolutions
	(a) 6 min/1 km
(b) 15 min/1 km
(c) 15 min/2 km
(d) 30 min/2 km
	1.5 min/0.5 km
	15 min/1 km
	15 min/2 km
	3 min/0.3 km

	Probability of convective instability
	(a) 8.7% (3.6%)
(b) 5.2% (3.1%)
(c) 1.3% (1.4%)
(d) 0.9% (1.1%)
	8.0%
	2.9%
	0.9% (1.4% in winter)
	3.1%

	Data
	210 nights
2059 h
	32 nights
195 h
	19 nights
133 h
	63 nights
390 h
	79 nights
589 h

	Resolutions
	Same above
	24 min/1 km
	Same above
	Same above
	30 min/2 km

	Probability dynamic instability
	(a) 10.0% (3.5%)
(b) 7.2% (3.1%)
(c) 1.4% (1.3%)
(d) 0.9% (1.1%)
	7.5%
	10.5%
	4.4% (5.9% in winter)
	17.5%


aZhao et al. (2003)
bLi et al. (2005)
cSherman and She (2006)
dAndrioli et al. (2017), SJDC stands for São José dos Campos
eNo summer data. A standard deviation is shown in parenthesis for Tromsø data



The probability of the convective instability at Tromsø appears to be higher than those at the other 4 sites. The temporal and height resolutions at Albuquerque and São José dos Campos are higher than those of Tromsø: these higher resolutions could not be achieved at Tromsø. The probabilities of the convective instability at Albuquerque (8.0%) and São José dos Campos (3.1%) are lower than that at Tromsø, even though the resolutions at the 2 sites are higher. For comparison with the 2 other sites, we have provided data with the same height and temporal resolutions, and compared the probabilities: the probability of the convective instability at Tromsø is higher than that at Maui (2.9%) and Fort Collins (0.9%). The probability at Fort Collins in winter is almost the same to that in Tromsø. The reasons the probability of the convective instability at Tromsø is higher than those at the other 3 sites (except for Fort Collins) are not yet clear at this point. One possible reason is a latitude difference, and there could be an auroral effect as shown in Fig. 8b. To clarify the auroral effect, we need simultaneous observations with auroral cameras, a photometer, and the Incoherent Scatter (IS) radar (i.e., EISCAT radar) which can observe auroral effects more accurately in the ionosphere, and also derive the neutral wind and temperature in the lower Thermosphere (cf. Nozawa et al. 2006). Another possible reason is a seasonal effect: almost all of our data were obtained in winter (in particular in December and January) when it is the most convective unstable (Zhao et al. 2003; Sherman and She 2006).
The probability of the dynamic stability with 15 min/1 km resolutions at Tromsø (7.2%; SD = 3.1%) is similar to that at Maui (10.5%) and at Albuquerque (7.5%), though the time resolution at Albuquerque is longer than that at Tromsø. The probability of the dynamic instability with 15 min/2 km resolutions at Tromsø (1.4%; SD = 1.3%) is smaller than that at Fort Collins (4.4%; 5.9% in winter). One possible reason is that Sherman and She (2006) included data between 100 and 105 km where the higher probability would be expected due to larger wind shear. Another possible reason is that Sherman and She (2006) used data obtained under high solar cycle conditions when the probability tends to be higher. Thus, we can conclude that the probabilities of the dynamic instability at Tromsø and the 3 sites are similar. On the other hand, the probability with 30 min/2 km resolutions at Tromsø (0.9%; SD = 1.1%) (and at the 3 sites as well) is significantly smaller than that at São José dos Campos (17.5%).
The shapes of altitude profiles of the probabilities of the convective and dynamic instabilities at Tromsø (shown in Fig. 5) are similar to those at Maui by Li et al. (2005). In particular, the sharp decrease of the probabilities of the convective instability from 85 to 89 km with height increasing is similar to that of our results. Also, the altitude profile of the probability of the dynamical instability where the authors pointed out the dynamical instability occurring in the upper mesopause region (93–100 km) more than in the lower region (85–93 km) is similar to our result shown in Fig. 5, although our results show the higher probability of the dynamical instability below 85 km which they did not observe. To summarize the comparisons, in general the probability of the convective instability at Tromsø is higher than those at middle/low latitudes, while the probability of the dynamic instability is similar to those except for São José dos Campos where an unusual large value is shown.

What causes the convective and dynamic instabilities?
The probability of the convective instability has dependence on the local K-index between 94 and 100 km, slight dependence on the semidiurnal amplitude (temperature data), and no dependence on the F10.7 flux. GWs show dissipation over the height region, and larger dissipation between 81 and 89 km where the probability of the convective instability is higher. The probability of the convective instability at Tromsø is higher than those at the 3 other sites except for Fort Collins. Thus, at Tromsø, the semidiurnal tide and GWs (in particular, those below 87 km) play an important role in the convective instability, and additionally an auroral effect would work between 94 and 100 km.
On the other hand, the probability of the dynamic instability has clear dependences on the semidiurnal amplitude (wind) and the F10.7 flux, and no dependence on the local K-index. Thus for the dynamic instability, the semidiurnal tide plays an important role together with GWs, but no auroral effect is detected. An unknown mechanism due to EUV also appears to play a role. An investigation of the mechanism is left for a future study.


Summary
We have presented the probabilities of the convective and dynamic instabilities between 80 and 100 km above Tromsø (69.6° N, 19.2° E) utilizing temperature and wind data obtained by the sodium lidar at Tromsø. This is the first statistical study on the convective and dynamic instabilities at high latitudes. Observations were made mainly in polar winter in November, December, January, and February. Only data having 4 h (at shortest) data length with 5 K (at largest) temperature error and 15 m/s (at largest) wind velocity error are used. Using the square of the Brunt–Väisälä frequency (N2) for 339 nights (3725 h) obtained from October 2010 to December 2019, and the Richardson number (Ri) for 210 nights (2059 h) obtained between October 2012 to December 2019, we calculated probabilities of the convective instability (N2 < 0) and the dynamic instability (0 ≤ Ri < 0.25). When we used data with 6 min/1 km resolutions, the probability of the convective instability varied from about 1% to 24% with a mean value of 8.7%, while that of the dynamic instability varied from 4 to 20% with a mean value of 10%. Both the probabilities showed no clear monthly variations from October to March, but large day-to-day variabilities are found.
We compared the probabilities with the F10.7 index and the local K-index to investigate solar cycle dependence and auroral disturbance dependence, respectively. The probability of the convective instability does not show a clear solar cycle dependence (F10.7 index), while it showed a dependence of geomagnetic activity (local K-index) (its correlation coefficient being 0.45) between 94 and 100 km. This would suggest an auroral influence on the atmospheric stability in the polar upper mesosphere. On the other hand, the probability of the dynamic instability showed a solar cycle dependence (its correlation coefficient being 0.54), while it did not show dependence of the geomagnetic activity.
We derived 12-h periodic components (assuming the semidiurnal tide in this study) for 248 nights (temperature) and 154 nights (wind), and compared them with the probabilities to evaluate contributions of the semidiurnal tide to the stabilities. The probability of the convective instability shows a dependence of the semidiurnal amplitude in temperature (C.C. = 0.46), and the probability of the dynamic instability shows dependence of the semidiurnal amplitude (C.C. = 0.52 for the northward and eastward winds). The averaged potential energy of GWs shows decrease with height at and below 89 km, suggesting that dissipation of GWs plays an important role in causing the convective instability at and below 89 km.
New major findings in this paper can be summarized as follows: (1) the probability of the convective instability between 94 and 100 km shows dependence on the local K-index (possibly an auroral effect). (2) The probability of the dynamic instability shows clear dependence on F10.7 index as well as semidiurnal tide (wind data). (3) The probability of the convective instability at Tromsø (located at high latitudes) is higher than those at middle/low latitudes except for Fort Collins. (4) The probability of the dynamic instability at Tromsø is similar to those at middle/low latitudes except for that at São José dos Campos.
Based on these observational results, we have concluded that (1) for the convective instability, the semidiurnal tide, GWs (in particular, those at and below 89 km), and an auroral effect (between 94 and 100 km) play important roles, and (2) for the dynamic instability, the semidiurnal tide plays an important role, and GWs and an unknown mechanism due to EUV also appear to play important roles. Investigation of the mechanisms of the auroral effect and due to EUV is left for future studies.
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