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Abstract: Rayleigh lidar data in 2013-2015 is used to describe the characteristics of gravity wave
potential energy density in the mesosphere above Golmud (36.25° N, 94.54° E) of the Tibetan Plateau.
In this study, the vertical profiles of the atmospheric gravity wave potential energy density between
50-80 km above the region are presented, including the potential energy mass density Epm and the
potential energy volume density Epy. It shows the mathematical characteristics of the atmospheric
gravity wave potential energy density vertical distribution, which also indicate the gravity waves
are obviously dissipated in the lower mesosphere and close to conservative growth in the upper
mesosphere (the turning point is around 61 km). A total of 1174 h of data covers seasonal changes,
which reveals the seasonal characteristics of the potential energy density. The Epn, increases faster
with altitude in summer than others. All seasons of the potential energy density profiles show that
gravity waves are dissipated in the lower mesosphere, among which spring and winter are the most
severe and summer is weakest. The Eppy, is higher in spring and winter below 55 km. Above 55 km,
it is the maximum in winter, followed by summer. Then, the AGWs activities between the location
with mid-latitudes and different longitudes are compared and discussed.

Keywords: atmospheric gravity waves; Rayleigh lidar; potential energy density; mesospheric
dynamics

1. Introduction

Atmospheric gravity waves (AGWs) play a major role in atmospheric circulation,
vertical structural coupling [1,2] and chemical composition transport [3-5] and have al-
ways been a hot topic regarding the middle and upper atmosphere. In numerical weather
prediction and climate simulation models, AGW parameterizations are required to sim-
ulate the impact of AGWs on the atmosphere. However, the imperfect parameterization
schemes bring challenges to the accuracy of atmospheric models [6,7]. More observations
are beneficial to the description and validation of the drag effect of AGWs in the parame-
terization schemes. Satellite and ground-based atmospheric temperature data were used
to derive the gravity wave potential energy density (GWPED) [8,9], which is usually used
to measure the strength of AGWs’ activity. The vertical profiles of GWPED can effectively
reflect the altitude regions and degree of wave dissipation. They can also help evalu-
ate the momentum flux of AGWs, which is a key component for observation, as well as
parameterization [10-12].

Lidar has the characteristics of high spatial and temporal resolution, which are widely
used to observe medium- and low-frequency AGWs from the troposphere up to the lower
thermosphere. The rotational Raman lidar is used for the measurement of AGWs in the
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troposphere and lower stratosphere [13,14]. Because of signal contamination from aerosols,
the Rayleigh lidar at 532 nm is used for studying the AGWs in the stratosphere and
mesosphere [15,16]. In the mesosphere and lower thermosphere (MLT), Fe Boltzmann
lidar, Na resonance fluorescence lidar and K resonance fluorescence lidar are widely
used [13,14,17,18]. Accumulated Rayleigh lidar data have been used to investigate the
characteristics of GWPED, including in low-latitude [19,20], mid-latitude [21-29] and high-
latitude regions [30-39]. GWPED exhibits different characteristics in different regions, such
as the magnitude and growth rates of GWPED, the dissipation altitudes and degree of
AGWs, and the dependence on seasonal variations.

This study is based on the 532 nm Rayleigh lidar data of the MARMOT (Middle
Atmosphere Remote Mobile Observatory in Tibet) system to survey the characteristics of
GWPED in the mesosphere (50-80 km) above Golmud (36.25° N, 94.54° E). It is the first
time Rayleigh lidar has been used to research the annual and seasonal variations in GWPED
in the mesosphere above the Tibetan Plateau, the third pole of the world. The paper is
organized as follows: Section 2 presents the lidar system, data and analysis methods.
Section 3 presents the results. Section 4 compares and discusses the results with regards to
previous studies. Section 5 concludes the results.

2. Data and Analysis Method
2.1. Rayleigh Lidar and Data

The 532 nm Rayleigh lidar used in this study was developed by the Institute of
Atmospheric Physics, Chinese Academy of Sciences, with an Nd:YAG laser as the main
transmitting unit. The receiving unit is a main focus telescope with a diameter of 1 m,
and a field of view of 1.3 mrad. The data of the lidar system have been verified with
high reliability [40,41]. The raw data have a spatial resolution of 30 m and a temporal
resolution of 1 min. In order to obtain a sufficient signal-to-noise ratio to detect atmospheric
temperature perturbation, the original lidar data are integrated and retrieved to obtain the
atmospheric temperature profiles with the spatial resolution of 0.5 km and the temporal
resolution of 1 h. The observation data less than 5 h and the uncertainty higher than 5 K
are removed. A total of 135 nights and 1174 h of temperature profiles are used, and the
monthly distribution of data is shown in Table 1. The mean observation duration time of the
daily nocturnal data is 8.7 h. It forms the most extensive high-resolution mesosphere lidar
dataset in Golmud and covers seasonal variation. Therefore, this dataset is very suitable to
study the characteristics of atmospheric density, temperature and AGWs’ activity.

Table 1. The monthly distribution of the lidar data.

2013 January  February = March April May  June July  August September October  November December Total
Observations 6 6
hours/h 61 61
2014 January  February = March April May June  July August September October November December Total
Observations 5 2 11 9 10 17 14 18 86
hours/h 45 14 83 71 82 156 134 180 765
2015 January  February = March April May June  July August September October November December Total
Observations 5 5 11 8 1 13 43
hours/h 34 39 82 60 8 125 348

2.2. Analysis Method

Typically, the features of AGWs are obtained by extracting the temperature perturba-
tions T'(z, t); refer to the method of Gardner et al. (2007) [42]

T (z,t) = T(z,t) — To(zt) 1)

where T(z,t) is the observed temperature and Ty(z,t) is the background temperature.
To(z,t) is obtained by fitting a straight line over time to the temperature data at each
altitude. This method can obtain the characteristics of fluctuations whose period is less
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than the observation time of the day and greater than 2 h, and the fluctuation of this
scale is mainly contributed by AGWs. Ty(z, t) contains the variation trend of atmospheric
temperature with time, so it can effectively eliminate the influence of long-period waves
(such as tidal waves and planetary waves) and AGWs whose period is longer than the
observation time of the day.

The detrend method above cannot remove the tides absolutely when applied only
in the nocturnal dataset. It will suffer from high estimates of GWPED when applied in
nocturnal dataset in the mesosphere and lower thermosphere within 84-100 km [17], where
the diurnal and semidiurnal tides are strong. However, below 80 km the tides” amplitudes
decrease a lot versus decreasing height, and especially below 70 km, they are too small and
should be neglected when compared to AGW’ activities. It can be inferred that tides will
have very small influences on GWPED estimation below 70/80 km [43,44].

Then, the GWPED is calculated by the temperature perturbation, including the poten-
tial energy mass density Epm(z) and the potential energy volume density Epy(z)

1 g2 [Tzt 2
Epm(Z) - ENZ(Z) <T0 (Z, t)) (2)
Epv(z) = pO(Z)Epm(Z) (3)

where the gravitational acceleration g is taken as 9.7 m/s?, py(z) is the average density of
the background atmosphere and the Brunt—Viiséld frequency N is defined as [45]

_ g (dTo(z) | g

where dT(z)/dz is the background temperature gradient and C,, = 1004 J/K/kg is the
constant pressure specific heat of dry air.
The uncertainty associated with Epm, 0Epn is calculated as follows

9Epm \ 2 OEom \ 9Epm \ 2
0?Epm = ( a;j“) T + (a£?> o?N? + <81‘?;“) o>To ®)

Compared to the magnitude order of Epm, O'ZEpm is not significant. Epm can be pre-
cisely estimated when using multiple profiles and sufficient data. Therefore, the uncertainty
associated with Epn, is ignored. Similarly, the uncertainty of Epy is no longer considered.

Assuming that the monochromatic linear AGWs do not exchange energy with the
background atmosphere, the potential energy mass density of the conservative AGWs is

Eeov(z) = Epm(zo) exp (Z HZ0> (6)

dinp\ !
(%)

where H is the atmospheric density scale height, and the classic value is around 7 km;

exp(%) is a conservative growth rate. When Epn, grows away from (less than) the

conservative growth rate, dissipation of the waves is the main reason, which will be
discussed in Section 3. The departure from the conservative growth rate is quantified by
defining the potential energy mass density scale height Hpm

zZ—z
Epmz = Epmzo exp( o 0) (8)
pm

According to the definition of Equation (8), Hpm is an indicator of energy dissipation.
When Hpn, is higher than H, it means that the growth rate of Epp, is less than the conserva-
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tive growth rate, which means that the dissipation of the AGWs occurs. The higher positive
value of Hpm means that the AGWs are dissipated more seriously [33,37].

3. Results of the Analysis
3.1. Example of the Gravity Waves

Taking the data of 27 October 2014 as an example, the continuous 11 h mesospheric
temperature data are used to display the characteristics of AGWs and the derivation of
GWPED. Figure 1a shows the temporally averaged profile at 50-80 km, which decreases
with altitude from 251.2 K at 50 km to 196.8 K at 80 km, with a temperature drop of 21.7%,
and the temperature gradient decreases significantly between 71-75 km. The temperature
uncertainty increases from 0.1 K to 0.7 K with altitude. Figure 1b shows the obvious
temperature perturbation characteristics of downward phase progression, which means
that energy is transferred upward. The vertical wavelength of the monochromatic gravity
wave in the observation range of this day is ~16.7 km, and the period is ~8 h.
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(a) (b) (c)
Figure 1. Temperature profile (a), temperature perturbation (b) and N profile (c) on 27 October 2014.

Figure 2 shows the RMS of temperature perturbation and GWPED profiles. The
temperature perturbation and the Epm, shows an increasing trend with the altitude, and
the Epy shows a decreasing trend. In the observation range, the temperature perturbation
increases by ~2.5 times, and Epn increases by ~7.8 times. This difference is caused by the
square term of the temperature perturbation in Equation (2) for calculating Epm, and Epm
can show the fluctuation more obviously. The AGWs shown in Figure 2b near conservative
propagation between around 50-60 km. The energy of the AGWs is weakened compared
to the conservative AGWs (dotted line) between 60-69 km. This phenomenon suggests
that the energy of the AGWs is dissipated as in the literature [25,37]. The Epp, is reduced
by ~94.7 J/kg compared to the conservative AGWs at 69 km, and it then approaches
conservative propagation above 69 km. In Figure 2c, Epy remains stable with altitudes
below 60 km and above 69 km, which proves that the AGWs in this altitude range are close
to conservative propagation, while the AGWs between 60-69 km are dissipated.

3.2. Characteristics of the GWPED

In order to study the distribution characteristics of GWPED at different altitudes above
Golmud, histogram statistics were carried out on Epn, results at 50 km, 60 km, 70 km and
80 km as shown in Figure 3, respectively. Figure 3 shows the distribution histograms of
the of Epm logarithms at several altitudes. The Epm follows a log-normal distribution at all
altitudes with standard deviations between 0.42 and 0.47. This is similar to the findings
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of N. Mzé’s research [25]. It can be clearly observed that the mean value of logig (Epm)
increases from 0.42 at 50 km to 1.71 at 80 km with altitude.
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Figure 2. Temperature perturbation RMS profile (a), potential energy mass density Epm profile and
the red dotted line is the Epm profile of the conservative AGWs (b), and potential energy volume
density Epy profile (c) on 27 October 2014.
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Figure 3. Histograms of the logarithmic distribution of Epm at 50 km, 60 km, 70 km and 80 km in the
mesosphere; the black line is the Gaussian distribution fitting of the data.

The averaged GWPED profiles of 1174 h from 2013 to 2015 are shown in Figure 4, in
order to study the vertical distribution characteristics of GWPED between 50-80 km above
Golmud. Eppy, increased by an order of magnitude from 4.3 J/kg at 50 km to 86.0 ] /kg at
80 km with the altitude, and E,y remained between 1073-10-2 J/m?3. Notice that the Epm
profile in Figure 4a shows a significant weakening between 50-61 km. By fitting the Epm of
this altitude range, the potential energy mass density scale height Hpn, is 23.6 km, which
is higher than the atmospheric density scale height of 7.3 km. It suggests that the AGWs
dissipate and transfer energy into the background atmosphere. At 61 km, Epp, is 12.5 ]/ kg
lower than the conservative AGWs. The Epy, profile in Figure 4b decreases with altitude
below 61 km, and is near constant above 61 km, which also confirms that the dissipation of
AGWs above Golmud mainly occurs below 61 km and between 50-80 km.
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Figure 4. Average profiles of GWPED in 2013-2015. (a) The red solid line is the Epm profile, the red
dotted line is the Epm profile of the conservative AGWs, and the black dotted line is the Epp, fitting
between 50-61 km. (b) The Epy profile.

In order to explore the seasonal variation characteristics of GWPED, this study di-
vided the dataset into spring (March, April, May), summer (June, July, August), autumn
(September, October, November) and winter (January, February, December). It should be
mentioned that there are no data in February for winter and March for spring as shown
in Table 1, which will have some (but not significant) influence on the seasonal statistical
results for winter and spring. Since there are two other months data both for the winter
and spring statistics, one can take the statistical results below as references to the seasonal
variations of GWEPD to a large extent. The vertical GWPED profiles for each season are
the mean profiles of the GWPED in the observation, and the profiles are smoothed using
the Savitzky—Golay filter. The results are shown in Figure 5, and the Eppn increased by
17.2, 27.3, 18.6 and 17.0 times with altitude from 3-6 J/kg in each season, respectively.
Among these results, the Epn increased faster in summer than other seasons. The GWPED
profiles of the four seasons also show severe losses below the turning point and close to
conservative growth above it. To analyze the dissipation degree of AGWs in each season,
Hpm are obtained by fitting the Epm profiles between 50 and 61 km. The results are shown
in Table 2. The Hpm in summer is the minimum, which means that the dissipation of AGWs
in summer is lower than that in other seasons. The Hpm, results in spring and winter show
that the degree of AGWs’ dissipation is more serious between 50-61 km.

80 ’ 80
L
’
’
75 ’ 75
/
70 70
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2 2
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60 60
Spring Spring
55 — Summer 55 —Summer
Autumn Autumn
— Winter \ —Winter
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(a) (b)

Figure 5. Seasonal average profiles of GWPED. (a) The solid lines are the Epm, profiles, and the dotted
lines are the Epm, profiles of the conservative AGWs. (b) The Epy profiles.
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Table 2. Scale Heights (Hpm and H).
Scale Heights Spring Summer Autumn Winter Total
Hpm (km) 58.1 12.6 30.9 474 23.6
H (km) 7.6 7.3 7.3 7.1 7.3

4. Discussion

In view of the seasonal characteristics of the GWPED in the mesosphere, most existing
studies point out that the peaks appear in winter, but other seasons show different situations.
There are many studies that point out that the Epp, in the mesosphere is maximum in winter
and minimum in summer, including in the mid-latitude regions of the northern hemisphere
and the Antarctic region [24,26,28,29,31,33,39]. As shown in Figure 5a, the Epm, above
Golmud is maximum in winter.

In order to confirm the Epm seasonal characteristics above Golmud, the seasonal
average value comparison at different altitude points and monthly contour plot are shown
in Figure 6. The study found that in the observation range, the Epm is higher in spring and
winter below 55 km, and it is at maximum in winter above 55 km, followed by summer. This
feature is similar to the findings of previous studies from locations with similar latitudes.
Based on Rayleigh lidar data, the seasonal variation in GWPED between 45-90 km above
Logan, Utah (41.74° N, 111.81° W) showed that the Epn, is at its maximum in winter below
70 km, followed by summer. [21]. The study of the GWPED vertical distribution above the
Haute-Provence Observatory (43.93° N, 5.71° E) between 30-85 km showed that the Epm is
at its maximum in winter and summer in the upper mesosphere [25].

LoglOEpm (J/kg)

2 80
W
M\/ 75

N

~ 15¢ 70 1.4
on —
=) 70 km g
E: 4 1.2
g [} L
o %
= & !
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() (b)

Figure 6. (a) Seasonal averaged Epm at several altitude points. (b) Contour plot of monthly averaged
Epm (April to December).

Many studies have shown that the critical level filtering of AGWs by the background
wind plays a major role in the seasonal dependence of Epm [25,29]. AGWSs encounter a
critical level when the phase speed of the wave equals to the mean wind speed [2]. The
AGWs observed in the mesosphere are mostly generated in the lower atmosphere. In
summer, above mid-latitudes, there is a zero-wind layer of ~20 km between the westerly
jet in the lower atmosphere and the easterly jet in the mesosphere, which can filter out the
upward propagating mountain waves. In winter, there is no zero-wind layer of ~20 km, and
all AGWs can propagate upward into the mesosphere. That may be the main reason why
the AGWs’ activities are at maximum in winter as observed above. The AGWs’ activities
show features that are at maximum in winter followed by summer above Golmud, Logan,
Utah and the Haute-Provence Observatory in some altitude ranges. The three locations
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have similar latitudes but different longitudes. They have different local weather systems
(different convective processes, shears, fronts, etc.), which generate different AGWs in
the lower atmosphere. Different AGW sources in the lower atmosphere may account for
different AGW activities in the mesosphere in summer.

The averaged GWPED profiles in 2013-2015 above Golmud show that AGWs dissi-
pated between 50-61 km and are close to conservative propagation between 61-80 km, as
shown in Figure 4. Generally, AGWs are generated in the troposphere and lower strato-
sphere, which propagate upward [29]. Assuming that the simple linear AGWSs propagate
upward, the parts of the phase velocity equal to the background wind are filtered and
the energy of the AGWs is weakened below 61 km. When AGWs propagate to above
61 km, they are not affected by the critical level and begin to approach conservative prop-
agation. With regard to the study of the dissipation altitude range of AGWs, the study
of the Delaware Observatory (42.9° N, 81.4° W) in Canada pointed out that the energy of
AGWs is obviously lost in the upper stratosphere [27]. The study between 30-85 km above
the Haute-Provence Observatory (43.93 °N, 5.71 °E) showed that AGWs are significantly
dissipated above 70 km [25]. The study of the atmosphere between 45 and 90 km above
Logan, Utah (41.74 °N, 111.81 °W) showed that AGWs approach adiabatic growth rates
below 60-65 km and above 75-80 km [21]. Their differences may be due to the different
AGW sources and local background winds that influence the AGWs’ propagations. The
longitudinal dependencies of the AGWs’ activities should be significant.

5. Conclusions

In this study, based on the 532 nm Rayleigh lidar of the MARMOT system, a total of
1174 h of temperature profiles in 2013-2015 are used to investigate the GWPED characteris-
tics above Golmud, which is the first Rayleigh lidar observation to research the annual and
seasonal variation on GWPED in the mesosphere (50-80 km) of the Tibetan Plateau.

The characteristics of AGWs are obtained by temperature perturbation, and the vertical
distribution profiles of potential energy mass density Epm and potential energy volume
density Epy are displayed with 0.5 km spatial resolution and 1 h temporal resolution. The
distributions of the logarithms of Epnm at each altitude points obey the Gaussian distribution.
Epm rises by an order of magnitude from 4.4 J/kg at 50 km to 86.0 J/kg at 80 km with
altitude. Epy remains in the range of 107-10"2 J/m? and decreases with increasing
altitude. The GWPED vertical profiles suggest that the AGWs above Golmud have obvious
dissipation in the lower mesosphere and close to conservative propagation in the upper
mesosphere, with a turning altitude point at ~61 km. The GWPED presents significant
seasonal differences. The Epm increases faster with altitude in summer than others. By
calculating Hpm, it is shown that the dissipation of AGWs is minimum in summer and
more serious in spring and winter. Below 55 km, the Epn, is higher in spring and winter,
while above 55 km it is maximum in winter, followed by summer. Finally, the AGWs’
activities between locations with mid-latitudes and different longitudes are compared and
discussed. Comparisons show significant longitudinal dependence.
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