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Key Points: 14 

• Joint measurements by four lidar beams exhibit a peculiar NaS with distinguished C-15 

shape and wave structure of large horizontal scale. 16 

• The NaS event corresponds well to the region where the Richardson’s stability parameter, 17 

𝑅𝑖, is persistently larger than 10, indicating an extremely stable state of the mesopause. 18 

• Results from Lomb-Scargle periodogram analysis suggest the occurrence of the NaS 19 

caused by a gravity wave, and its end related to the wave breaking. 20 

  21 
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Abstract 22 

Lidar observations are an effective tracker for identifying atmospheric wave signals. In this 23 

research, observations through three lidars are utilized to study the wave structures. A broadband 24 

sodium fluorescence lidar and a narrowband Temperature/Wind (T/W) lidar located at Hefei 25 

(31.8°N, 117.3°E), while the third lidar system, a broadband lidar system, is located in Wuhan 26 

(30.5°N, 114.4°E), about 310 km from Hefei. The three lidars can observe sodium density, 27 

temperature and wind profiles simultaneously. Joint sodium density measurements by the fourth 28 

lidar beams from Wuhan and Hefei yield a peculiar NaS with distinguished C-structure and a 29 

large horizontal scale of wave structure over more than 310 km, on 21st December, 2014. The 30 

NaS event occurring at 14:20 UT to 17:50 UT corresponds well to the region where the 31 

Richardson Number (Ri) is larger than 10, which in turn indicates that the NaS was formed in an 32 

extremely stable atmosphere. Results from the Lomb-Scargle periodogram analysis suggest that 33 

the occurrence and evolution of this NaS event may have been caused by a gravity wave with a 34 

period of about 1.25 h, and its end is closely related to the gravity wave fragmentation caused by 35 

convective instability. 36 
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Plain Language Summary 38 

The sporadic sodium layer (SSLs or NaS) is the most fascinating phenomenon observed from the 39 

mesospheric layer. On December 21, 2014, a peculiar NaS, exhibiting distinguished C-structure 40 

and wave characteristics, was observed by four lidar beams, which came from a sodium 41 

fluorescence lidar and a temperature and wind (T/W) lidar at Hefei and a sodium fluorescence 42 

lidar at Wuhan. The NaS event corresponds well to the region where the Richardson Number (Ri) 43 

is larger than 10, which indicates that this event was formed in an extremely stable atmosphere. 44 

Results from the Lomb-Scargle spectral analysis and instability analysis suggest that the 45 

occurrence of this NaS is closely related to the propagation and breaking of gravity waves. 46 

  47 
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1 Introduction 48 

The sodium layer, which is located between about 80 ~ 110 km, serves an essential role in 49 

detecting and quantifying the MLT (mesosphere-lower thermosphere) parameters by means of 50 

fluorescence resonance lidars (Gardner et al., 1986; Gong et al., 1997; Liu et al., 2013; Krueger 51 

et al., 2015; She et al., 2021). With an active chemical property and high abundance of sodium 52 

atoms, the sodium layer has been widely observed and studied all over the world (Plane, 2003; 53 

Plane et al., 1998; Plane et al., 1999; Qian et al., 1998). It has also been shown that some regions 54 

of the sodium layer at altitudes greater than 85 km can be used as tracers for dynamic 55 

disturbances under normal conditions (Gardner and Voelz, 1987; Xu and Smith, 2004; Zhou and 56 

Mathews, 1995). Lidar observations provide a reliable means of identifying atmospheric wave 57 

signals (Gardner et al., 2019; Gardner and Voelz, 1987; Gong et al., 2015; Li et al., 2007a; Li et 58 

al., 2007b).  59 

The sporadic sodium layer (SSLs or NaS), with the neutral sodium density that could be 60 

doubled within several minutes, is the unique but most puzzling  phenomenon observed from 61 

the sodium layer. The current existing views indicate that NaS is originated from sporadic E 62 

layers (ES) (Collins et al., 2002; Cox et al., 1993) or triggered by enhancement of temperature 63 

(Zhou et al., 1993). Further observations show that NaS is closely related to wave fluctuations 64 

(Clemesha et al., 1997; Kane et al., 1991; Li et al., 2005; Qian et al., 1998; Tsuda et al., 2011; 65 

Zhou and Mathews, 1995). Many observational results reveal that NaS is frequently accompanied 66 

with gravity waves (Ban et al., 2015; Li et al., 2007a; Li et al., 2007b; Qian et al., 1998). 67 

Meanwhile, the fine structures of NaS manifest distinct characters related to waves on short time 68 

scale (Chen and Yi, 2011; Liu and Yi, 2009; Liu et al., 2013). The bursts of the sodium atoms 69 

show a pulse period of 30 seconds (Liu and Yi, 2009), indicating some kind of small-scale 70 

atmospheric perturbation effects on the evolution of NaS (Liu and Yi, 2009; Sarkhel et al., 2019). 71 

In this research, observations from three lidars are utilized to study the wave structures from 72 

the mesospheric sodium layer. A sodium fluorescence lidar (Dou et al., 2009) and 73 

Temperature/Wind (T/W) lidar (Li et al., 2012) located at Hefei (31.8°N, 117.3°E), while 74 

another sodium fluorescence lidar located at Wuhan (30.5°N, 114.4°E) 310 km away from Hefei. 75 

We obtained sodium density profiles using the sodium fluorescence lidars and the T/W lidar, and 76 

temperature and wind field profiles using the T/W lidar. A peculiar NaS, exhibiting distinguished 77 
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C-structure and wave characteristics, was observed by fourth, combined signals of Hefei and 78 

Wuhan, lidar beams on 21st December, 2014. 79 

2 Observations and Results 80 

The sodium fluorescence lidar of the University of Science and Technology of China 81 

(USTC) located at Hefei with one lidar beam that can detect the fine structures of sodium layer. 82 

The narrowband T/W lidar, located nearby, measures and diagnoses  the sodium density, 83 

temperature and wind with two beams. The Wuhan University sodium fluorescence lidar located 84 

about 350 km from Hefei, with one lidar beam observing the sodium density. The locations for 85 

the four beams of the three lidars are shown in Figure 1. In this study, we select candidate NaS 86 

events using the criteria proposed by Dou et al., which stipulates that the maximum density of 87 

the NaS peak must be at least two times higher than that of the background sodium layer at the 88 

same altitude and must be more than 1000 𝑐𝑚−3 if the altitude of a NaS event was higher than 89 

100 km (Dou et al., 2009). The data processing program set quality control standards for the 90 

temperature and zonal wind data from the T/W lidar, namely: 1. the temperature data should be 91 

greater than 100 K and less than 300 K, and the error value should be less than 20 K; 2. the 92 

absolute value of the zonal wind speed should be less than 200 m/s, and the error value should be 93 

less than 40 m/s. Since the meridional wind data observed by the T/W lidar are not available, we 94 

supplemented the data analysis with data observed by the meteor lidar located in Wuhan. 95 

On December 21, 2014, a peculiar structure of NaS was detected by the three lidars over 96 

Hefei and Wuhan, respectively. Figure 2a to 2d show the sodium density profiles from the total 97 

of four lidar beams. The NaS is located near 100 km, much higher than the main sodium layer, 98 

which usually has a centroid at 92 km. The NaS was maintained at about 101 kilometers at 14:20 99 

UT and dropped to about 97 km at 17:50 UT, with a decline rate of about 1.14 km per hour and 100 

an obvious C-shaped structure. The NaS occurred almost at the same time according to the four 101 

lidar beams, indicating a large horizontal scale of wave structure over more than 310 km. 102 

Figure 3 indicates the temperature profile and zonal wind distribution from the T/W lidar 103 

throughout the night. It demonstrates that the NaS occurred during an extremely cold phase of 104 

mesopause temperature, which remained below 180 K at around 100 km altitude from 12:00 UT 105 

to 16:00 UT (Figure 3a). On the other hand, the zonal wind switched from west phase to east 106 

phase between 14:00 UT and 15:00 UT near 100 km (Figure 3b). This windshear is in accord 107 
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with the generation of ES, with a westward wind below and an eastward wind above (Hines, 108 

1964). However, there is no temporal correlation between this NaS event (which occurred at 109 

14:20 UT) and the ES detected in Wuhan at 08:15 UT. 110 

3 Discussions 111 

Dynamic stability can be characterized by the Richardson number, Ri, which is defined as 112 

 𝑅𝑖 =
𝑁2

𝑆2
, (1) 113 

where N is the buoyancy frequency, which reflects the degree of the atmospheric convective 114 

stability. N is defined as 115 

 𝑁2 =
𝑔

𝑇
(

∂𝑇

∂𝑧
+

𝑔

𝐶𝑝
), (2) 116 

where g is the gravitational acceleration with a value of 9.5 𝑚𝑠−2 in the mesopause region, T is 117 

the atmospheric temperature, and Cp is the specific heat at constant pressure with a value of 118 

1004 𝐽 𝐾−1 𝑘𝑔−1. And S represents the total vertical wind shear  119 

 𝑆2 = (
∂𝑢

∂𝑧
)

2

+ (
∂𝑣
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)

2
, (3) 120 

where u and v are the zonal and meridional wind velocities, respectively (Nappo, 2012). 121 

𝑅𝑖 represents the ratio of the production or suppression of turbulence kinetic energy by 122 

buoyant forces (𝑁2) relative to the mechanical production of turbulence kinetic energy by shear 123 

forces (𝑆2) (Nappo, 2012). 𝑅𝑖 > 0.25 is considered a sufficient condition for dynamic 124 

stability, where the fluid will return to its initial state if disturbed by a small vertical 125 

displacement (Nappo, 2012). Dynamic instability would occur over the range 0 ≤ 𝑅𝑖 ≤ 0.25, 126 

and the condition for convective instability is 𝑅𝑖 < 0 (or 𝑁2 < 0) (Nappo, 2012). 127 

The vertical interval for both temperature and wind velocity from the USTC T/W lidar east beam 128 

and west beam is 0.5 km, so the expression for 𝑅𝑖 at a given altitude of z0 could be written as 129 
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, (4) 130 
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where 𝛥ℎ = (𝑧0 + 0.5) − (𝑧0 − 0.5) = 1𝑘𝑚 = 1000𝑚. 131 

Because meridional wind data observed by temperature/wind lidar are not available, we 132 

have used the meridional wind data observed by the meteor lidar located in Wuhan as a 133 

supplement/substitute (as shown in Figure 3c) to derive and quantify the Ri values, as Ban et al. 134 

have done (Ban et al., 2015). 135 

From 14:00 UT to 18:00 UT, a temperature inversion layer appears on the temperature 136 

profile (Figure 3a) at altitudes between 105 km and 96 km (above the extremely cold region). 137 

Due to the presence of the temperature inversion layer, the stability of the atmosphere medium 138 

above and below it was weakened by the large temperature gradient, resulting in some unstable 139 

zones. The rapid change in temperature is consistent with possible wave breaking similar to that 140 

observed by Li et al. (2007b). To explore this possibility of gravity waves breaking, the 141 

buoyancy frequency square 𝑁2 and the Richardson number 𝑅𝑖 are shown in Figure 4a and 142 

Figure 4b, respectively. As indicated by Figure 4a, an 𝑁2 enhancement layer (𝑁2 > 9) dropped 143 

from 102 km at 14:00 UT to around 99 km at 16:00 UT. There was also a significant unstable 144 

zone (𝑁2 < 0), which was located near 100 km, corresponding to the time periods of 17:35–145 

18:10 UT. Figure 4b depicts the 𝑅𝑖 profiles at 99 km and 99.5 km between 17:30 UT and 18:30 146 

UT. The variation of Ri values illustrates that the mesopause region has undergone drastic 147 

stability changes during this brief one-hour interval. Another thing to note is that most of these 148 

Ri values are less than 0 and the zonal wind field is not strongly disturbed (less than 10𝑚/𝑠/𝑘𝑚 149 

as shown in Figure 3b) from 17:40 UT to 18:15 UT. This observation suggests that the presence 150 

of the aforementioned temperature inversion layer has caused the convective instability of the 151 

mesopause during this period and may be the cause for the breaking of gravity waves. 152 

Furthermore, because 𝑅𝑖 and 𝑁2 are calculated from the temperature profile obtained by 153 

smoothing the 15-point time series data (with a time window length of approximately 24 154 

minutes) and have a spatial resolution of only 0.5 km, structures that existed for only a short 155 

period of time or over a very restricted vertical region may not be fully resolved or captured. 156 

Therefore, we believe that convective instability was probably responsible for the sharp fall 157 

of  𝑅𝑖 and 𝑁2 values in the mesopause, but it cannot be completely ruled out if small-scale 158 

dynamic instability also contributed to the process in some ways. 159 
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Figure 5 indicates the distribution of 𝑅𝑖 values at 6 min temporal resolution and 0.5 km 160 

spatial resolution superimposed on the sodium density contour plot. As can be seen in Figure 5a, 161 

the NaS event occurred between 14:20 UT and 17:50 UT corresponds well to the 𝑅𝑖 stable point 162 

(𝑅𝑖 > 10) region, which indicates that this NaS event was formed in an extremely stable state of 163 

the mesopause. Figure 5b shows that from about 17:40 UT to 18:15 UT, the atmosphere at 98.5-164 

100 km underwent a strong unstable process/condition (within this region, 𝑅𝑖 is less than 0). 165 

Combined with the information obtained from Figure 4b, this instability event and process is 166 

most likely caused by the convective instability triggered by the presence of the temperature 167 

inversion layer in the mesopause. On the other hand, the peak sodium density gradually dropped 168 

and returned to the usual sodium density distribution at 97 km around 17:50 UT, which 169 

corresponds well to the spatiotemporal distribution of the 𝑅𝑖 unstable point regions in Figure 5b. 170 

Overall, the whole course of this Nas event is closely related to the Ri values controlled by 171 

horizontal wind and temperature, implying that gravity wave modulations played an important 172 

role. 173 

In order to explore the role of fluctuations in this NaS event, a power spectrum analysis of 174 

the data is necessary. The lidar-generated observations in Hefei and Wuhan are not always 175 

continuous and have various breakpoints and data gaps. In this study, the power spectrum of 176 

such non-uniformly distributed data with observational breakpoints/data gaps was calculated 177 

using the Lomb-Scargle spectral analysis method. 178 

This spectral analysis approach is also known as the “Lomb-Scargle periodogram method,” 179 

since N. Lomb devised a method (Lomb, 1976) for power spectrum analysis of non-uniformly 180 

sampled data and J. Scargle further optimized the method (Scargle, 1982). The advantage of 181 

Lomb-Scargle spectrum analysis is that it can yield a high-resolution spectrum (resolution higher 182 

than 1/T, where T is the time span), which can more precisely pinpoint the location of the 183 

spectrum peaks. It also avoids the need for data interpolation. Here is a quick explanation of this 184 

method. 185 

Suppose the data set ℎ𝑖 with N points is as follows (Lomb, 1976; Scargle, 1982): 186 

 ℎ𝑖 = ℎ(𝑡𝑖), i = 1,2, … , N. (5) 187 

The mean value of the data set ℎ𝑖 with N points is: 188 
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 ℎ =
1

𝑁
∑ ℎ𝑖

𝑁
1 , (6) 189 

the variance of the data set is: 190 

 𝜎2 =
1

𝑁−1
∑ (ℎ𝑖 − ℎ)2

𝑁

1
, (7) 191 

then the Lomb-normalized periodogram is defined as (Lomb, 1976; Scargle, 1982): 192 

 𝑃𝑁(𝜔) =
1

2𝜎2
[

(∑ (ℎ𝑖−ℎ)
𝑖

cos 𝜔(𝑡𝑖−𝜏))
2

∑ cos2 𝜔(𝑡𝑖−𝜏)
𝑖

+
(∑ (ℎ𝑖−ℎ)

𝑖
sin 𝜔(𝑡𝑖−𝜏))

2

∑ 𝑠𝑖𝑛2 𝜔(𝑡𝑖−𝜏)
𝑖

], (8) 193 

where τ is the time constant given by the following relation: 194 

 tan(2𝜔𝜏) =
∑ sin 2𝜔𝑡𝑖𝑖

∑ cos 2𝜔𝑡𝑖𝑖

, (9) 195 

The time constant 𝜏 can be chosen so that 𝑃𝑁(𝜔) does not change owing to any constant 196 

translation of the t sequence, and Eq. (8) is identical to the least-squares harmonic fit shown 197 

below: 198 

 ℎ(𝑡) = Acos 𝜔𝑡 + 𝐵 sin 𝜔𝑡, (10) 199 

The advantages of the Lomb-Scargle spectrum analysis method over the FFT method are 200 

demonstrated by Eq. (8) and Eq. (10). In order to fully utilize the data present in the dense points, 201 

Eq. (8) calculates the spectral intensity based on “point” weighting as opposed to “equal time 202 

interval” weighting. Contrarily, using the “equal time interval” (FFT method) approach to cope 203 

with unevenly sampled data may result in significant spectral leakages and false determination of 204 

periodicities.  205 

The contour plot of the Lomb-Scargle power spectrum based on the day’s observations (the 206 

90% significant level is plotted with a white solid contour line in Figure 6a) and the zonal wind 207 

profile at 100.5 km (Figure 6b) are shown in Figure 6. At 100.5 km, the zonal wind began to 208 

speed up eastward at 13:40 UT, and there were fluctuations with a period of 1.3 hours and an 209 

amplitude of around 35 m/s between 14:10 UT and 18:05 UT, as depicted in Figure 6b. The 210 

Lomb-Scargle power spectrum (Figure 6a) also had a similar periodic feature (as shown by 211 

Figure 6a, the power of wave with 1.25-hour period is strong with above the 90% confidence 212 

level at 100.5 km). After 18: 05 UT, the zonal wind abruptly decreased as the 1.3-hour wave 213 

oscillation disappeared because of the breaking of gravity wave between 17:40 UT to 18:15 UT. 214 
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As a result, the rising temperature, occurrence of this NaS event and zonal wind field shear 215 

between 14:10 UT and 18:05 UT around 100 km are most possibly generated by a gravity wave 216 

with an apparent period of 1.3 hours. The absence of waves in the zonal wind field before 14:10 217 

UT and after 18:05 UT further supports this assertion. 218 

4 Conclusion  219 

On December 21, 2014, between 14:00 and 16:00 UT, the Wuhan and Hefei sodium lidar 220 

systems detected a strong zonal wind shear approaching around 100 km height. At the same 221 

time, this region has an extremely low temperature and a significant temperature gradient from 222 

its surroundings. Joint sodium density measurements from Wuhan and Hefei indicate the 223 

formation of a NaS event with a horizontal scale of more than 310 km occurred between 14:20 224 

and 17:50 UT. 225 

Between 14:10 and 18:05 UT, the zonal wind field profile at 100.5 km indicates a 226 

noticeable fluctuation characteristic with an apparent period of 1.3 hours. This coincides with the 227 

fluctuations over a 1.25-hour period calculated by the Lomb-Scargle power spectrum at 100.5 228 

km. Both the high stability of the mesopause during this time period and fluctuations with a 1.25-229 

hour period around 100 km indicated by the Lomb-Scargle power spectrum suggest the existence 230 

of gravity waves. The instability analysis’ findings reveal that between 17:30 and 18:30 UT, the 231 

atmosphere at 99.5-100 km altitude exhibits significant stability changes over time. It is 232 

noteworthy that the presence of a convective instability layer from 17:40 UT to 18:15 UT 233 

provided favorable conditions for the breaking of gravity waves during this time and ended this 234 

NaS event at about 17:50 UT. 235 

In conclusion, the occurrence and evolution of this NaS event may have been caused by a 236 

gravity wave with a period of about 1.25 h, and its termination related to the gravity wave 237 

breaking caused by convective instability. 238 

Open Research 239 

Observations of wind field, temperature and sodium density detected by Temperature/Wind 240 

(T/W) lidar in Hefei are available from the University of Science and Technology of China. 241 

Atmospheric temperature in the MLT region of sodium temperature and wind lidar over Hefei. 242 

V1.0. National Space Science Data Center. (DOI:10.12176/01.05.027. 2011-11-20). The 243 
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observations of sodium density detected by sodium fluorescence lidars in Hefei and Wuhan are 244 

available from University of Science and Technology of China. Photon counting data of 245 

Fluorescence scattering of LIDAR at USTC Station, Hefei. V1.0. National Space Science Data 246 

Center. (DOI:10.12176/01.05.056. 2010-08-09), Wuhan University. Photon counting data of 247 

Fluorescence scattering of LIDAR at Luojia Hill Station, Wuhan. V1.0. National Space Science 248 

Data Center. (DOI:10.12176/01.05.063. 2010-05-25), respectively.  The observations of 249 

meridional wind detected by meteor lidar in Wuhan are available from University of Science and 250 

Technology of China. Meteor observation data from meteor radar at Zuoling station, Wuhan. 251 

V1.0. National Space Science Data Center. (DOI:10.12176/01.05.004. 2020-02-27). 252 
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 353 

Figure 1. The illustration of the locations of the four lidar beams. The sodium fluorescence lidar 354 

of USTC located at Hefei (31.8°N, 117.3°E) with one lidar beam (as shown by the yellow bar 355 

near the character ‘Hefei’). The narrowband T/W lidar, located nearby, measures the sodium 356 

density, temperature and wind through two beams (as shown by the two red arrows) which point 357 

east and west at 15° to the zenith, respectively. The sodium fluorescence lidar which located at 358 

Wuhan (30.5°N, 114.4°E), whose beam is shown by the yellow bar near the character ‘Wuhan’. 359 

  360 

Wuhan

Hefei



manuscript submitted to JGR: Atmospheres 

 

 361 

Figure 2. The sodium density profiles on December 21st, 2014, detected by (a) the beam of the 362 

USTC sodium fluorescence lidar, which is located in Hefei. (b) the beam of the Wuhan 363 

University sodium fluorescence lidar, which is located in Wuhan. (c) the east beam of the USTC 364 

narrowband T/W lidar, which is located in Hefei. (d) the west beam of the USTC narrowband 365 

T/W lidar.  366 
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 368 

Figure 3. Temperature profile (a) and zonal wind distribution (b), from the USTC T/W lidar. (c) 369 

The meridional wind distribution detected by the Wuhan Meteor lidar. 370 
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 372 

Figure 4. (a) The time-height contour plot of Brunt-Vaisala frequency squared (𝑵𝟐). (b) the 373 

Richardson number (𝑹𝒊) and its error bar between 17:30 UT and 18:30 UT, calculated from 374 

temperature, zonal wind data from T/W lidar, and meridional wind data from meteor lidar. Red 375 

and blue represent the profiles on 99 km and 99.5 km, respectively. 376 
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 378 

Figure 5. (a) Ri stable (Ri > 10) points (black dots) superimposed on the sodium density contour 379 

plot. (b) Ri unstable (Ri < 0) points (white dots) superimposed on the sodium density contour 380 

plot. 381 
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 383 

Figure 6. (a) Contour plot of the Lomb-Scargle power spectrum for the zonal wind field on 384 

December 21, 2014. (b) The zonal wind field profile at 100.5 km (using 10-point smoothed 385 

data). The red dashed line indicates the possible period boundaries of gravity wave. 386 
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