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Abstract: In this paper, we use wind observations by a Doppler wind LiDAR near Delingha (37.4°N, 97.4°E), Qinghai, Northwestern China
to study the characteristics of inertial gravity waves in the stratosphere. We focus on 10-12 December 2013, a particularly interesting case
study. Most of the time, the inertial gravity waves extracted from the LIiDAR measurements were stationary with vertical wavelengths of
about 9-11 km and horizontal wavelengths of about 800-1000 km. However, for parts of the observational period in this case study, a
hodograph analysis indicates that different inertial gravity wave propagation features were present at lower and upper altitudes. In the
middle and upper stratosphere (~30-50 km), the waves propagated downward, especially during a period of stronger winds, and to the
northwest-southeast. In the lower stratosphere and upper troposphere (~10-20 km), however, waves with upward propagation and
northeast-southwest orientation were dominant. By taking into account reanalysis data and satellite observations, we have confirmed
the presence of different wave patterns in the lower and upper stratosphere during this part of the observational period. The combined
data sets suggest that the different wave patterns at lower and upper height levels are likely to have been associated with the presence

of lower and upper stratospheric jet streams.
Keywords: gravity waves; lidar; wind observations

1. Introduction

Atmospheric gravity waves play an important role in coupling
between the lower and the upper atmosphere and greatly affect
both the global energy budget and the general circulation (Fritts
and Alexander, 2003). Gravity waves with frequencies close to the
Coriolis frequency r are referred to as inertial gravity waves. Iner-
tial gravity waves are particularly important in the stratosphere, as
breaking of these waves leads to the formation of air turbulence
(Plougonven et al., 2003). Previous studies indicate that jet
streams are a quantitatively important source of inertial gravity
waves (e.g., O'Sullivan and Dunkerton, 1995; Guest et al., 2000;
Plougonven et al.,, 2003; Vaughan and Worthington, 2007; Spiga
et al., 2008;).
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Previous studies focusing on inertial gravity waves and their asso-
ciation with jets in the upper troposphere and lower stratosphere
have mostly used radio soundings (e.g., Guest et al, 2000;
Plougonven et al., 2003), mesosphere-stratosphere-troposphere
(MST) radars (e.g., Thomas et al., 1999; Vaughan and Worthington,
2007), or numerical simulations (e.g., Spiga et al., 2008; Shutts and
Vosper, 2011; Kim et al., 2016).

Atmospheric LiDARs are powerful tools that provide measure-
ments of the middle and upper atmosphere. Above the strato-
pause, temperature and wind measurements of high temporal
and vertical resolution can be obtained simultaneously with LiD-
ARs, by exploiting metal fluorescent resonance scattering effects.
These measurements are frequently used to study gravity wave
propagation in the mesosphere and lower thermosphere (MLT)
region (e.g., Liu AZ et al., 2013; Placke et al., 2013; Lu X et al., 2015,
2017; Kaifler et al,, 2015; Chen C et al., 2016). Below the meso-
pause, fluctuations in temperature or density are usually meas-
ured by Rayleigh/Raman-scattering LiDARs. These measurements
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are used to investigate gravity wave characteristics in the strato-
sphere and mesosphere (e.g., McDonald et al., 1998; Li T et al,,
2010; Alexander et al., 2011; Kogure et al., 2017).

However, although wind observations would be very useful for
studying inertial gravity waves in the stratosphere, observations
made by Doppler LiDARs have been quite limited (Hertzog et al.,
2001; Xia HY et al., 2012; Baumgarten et al., 2015; Zhao RC et al.,
2017). For example, Hertzog et al. (2001) observed inertial gravity
waves with upward energy propagation in the lower stratosphere
at Haute-Provence, France. Baumgarten et al. (2015) reported on
the first observation of persistent inertia gravity wave signatures
in horizontal winds and temperatures up to ~80 km using a Dop-
pler Rayleigh LiDAR. Zhao RC et al. (2017) discussed typical char-
acteristics of inertial gravity waves in the mid-latitude area of
China using 3-year mobile Rayleigh Doppler LiDAR observations.

In this paper, we investigate a case study of inertial gravity wave
observations and their association with lower and upper strato-
spheric jets using the same Doppler LiDAR system described by
Zhao RC et al. (2016, 2017). The Doppler LiDAR system and other
data used in this paper are described in Section 2. In Section 3, a
comparison is shown between stratospheric winds observed by
the LiDAR and a reanalysis data set. The characteristics of the ob-
served inertial gravity waves from a hodograph analysis are
provided in Section 4. In Section 5, possible sources of the ob-
served inertial gravity waves are discussed. Conclusions are given
in Section 6.

2. Description of Observational and Reanalysis Data
The Doppler LiDAR system of the University of Science and Tech-
nology of China (USTC) is based on the "double-edge technique”,
which obtains direct wind measurements using two Fabry-Perot
interferometers (FPIs) covering thermally broadened molecular
backscattered signals in the wings of the spectrum. The laser fre-
quency is locked at 355 nm at one-minute intervals by another FPI
with an accuracy of 1.8 MHz, which corresponds to a standard de-
viation error of 0.32 m/s in the line of sight (LOS) wind velocity.
The whole system consists of two similar, independent subsys-
tems pointing in fixed LOS directions at 30° zenith angle, which
are orthogonal to each other in horizontal projection, to obtain
both the zonal and the meridional winds. The USTC Doppler wind
LiDAR is integrated on a truck for mobility. More details are de-
scribed in Dou XK et al. (2014) and Zhao RC et al. (2016). The main
parameters of the system are listed in Table 1.

The observations reported in this paper were collected on 10-12
December 2013 in Delingha (37.4°N, 97.4°E), Qinghai, Northwest-
ern China (see Figure 1). The horizontal wind in the 10 to ~55 km
range was retrieved by accumulating raw signals for 30 minutes
and shifting every 2 minutes. The corresponding vertical resolu-
tion of the wind measurements is 0.2 km below 40 km and 1.0 km
above 40 km (due to low signal to noise ratio; more details can be
found in Zhao RC et al. (2016)). In general, the errors of the winds
are +5 m/s at 60 km, +2 m/s at 50 km and less than +1 m/s at ~40
km. To achieve good accuracy, we focused on wind data below
~50 km in this study.

The newly released ERA5 data set is the fifth generation of the

Table 1. Technical parameters of the USTC Doppler wind LiDAR
system.

Transceiver

Wavelength (nm) 355
Pulse Energy (m)J) 350
Laser 1/e Width (MHz) 200
Repetition Rate (Hz) 50
Transceiver
Telescope aperture (m) 1.0
Field of View (mrad) 0.09
Zenith angle (°) 300r0
Optical efficiency (%) 85
Receiver
FSR(GHz) 12
FWHM (GHz) 1.7
Edge channel separation (GHz) 5.1
Peak transmission (%) 60
PMT quantum efficiency (%) 21
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Figure 1. Overview of the orography around Delingha (37.4°N,
97.4°E). The location of Delingha is indicated by a star symbol. The
location of Golmud (36.4°N, 94.9°E), where meteorological sounding
data were obtained, is indicated by a plus symbol.

European Center for Medium-Range Weather Forecasts (ECMWF)
atmospheric reanalyses of the global climate. The data have an ef-
fective horizontal resolution of 30 km (~0.3°) and resolve the at-
mosphere using 137 levels from the surface up to a height of 80
km. ERA5 provides significantly better spatial and temporal resol-
ution than its predecessor, ERA-Interim (Hersbach and Dee, 2016).
Here, daily ERA5 data with a temporal resolution of 1 hour are
used for comparison with the LiDAR observations.

3. LiDAR Observations and Comparison of Wind Data
Figure 2 shows a comparison of daily mean winds on 10 Decem-
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Figure 2. Comparison of daily mean zonal and meridional winds observed by the USTC Doppler wind LiDAR (black curves), ERA5 (blue curves),
and radiosondes (red plus symbols) on December 10 (a, d), 11 (b, e), 12 (¢, f), 2013. Shaded ranges indicate standard deviations.

ber 2013 (5.3 hours of measurement time), 11 December 2013 (12
hours), and 12 December 2013 (9 hours) obtained by the LiDAR,
the ERA5 reanalysis, and from balloon soundings. The balloon
sounding data were taken at the meteorological station at
Golmud (36.4°N, 94.9°E, see Figure 1) in Qinghai, which is approx-
imately 240 km from Delingha. The ERA5 data have been aver-
aged daily over Delingha. Similar to previous studies, the zonal
and meridional winds obtained by the LiDAR were consistent with
the ERA5 reanalysis below ~30-35 km, and also agreed with the
balloon soundings. Discrepancies between the LiDAR observa-
tions and the reanalysis data became larger above 35 km (also be-
low 30 km in meridional wind on 10 December 2013, see Figure
2d). Such wind biases in the upper stratosphere between LiDAR
and reanalysis data have been reported previously (e.g., Xia HY et
al., 2012; Dou XK et al., 2014).

Figure 3 shows the hourly zonal and meridional wind observa-
tions over Delingha (37.4°N, 97.4°E) on the night of 11 December.
In the upper troposphere and lower stratosphere, i.e., ~10-20 km,

the eastward zonal jet was dominant and sustained. A maximum
wind speed of 60 m/s occurred at approximate 10:20 UT (begin-
ning of the LiDAR observation) and lasted more than one hour on
the night of 11 December. In the stratosphere, the zonal wind sig-
nificantly increased with altitude, with a vertical gradient of up to
~3-4 m/s/km at 30-50 km, whereas the meridional wind was
mainly southward, with a maximum of about —-40 m/s at approx-
imately 40 km altitude.

For comparison, Figure 4 shows the ERA5 reanalysis data over Del-
ingha for the night of 11 December. In general, the LiDAR obser-
vations and the ERA5 data are in agreement, i.e., the eastward jet
in the upper troposphere, the transition from weak easterlies to
weak westerlies around 20-30 km altitude, and the southward
maximum of the meridional winds in stratosphere. However, the
wind strength in the upper stratosphere obtained by the LiDAR
was much larger than that in the reanalysis data, especially for the
zonal wind. Also shown in Figure 4 is the temperature within the
altitude range of the LiDAR observations, which is used to obtain

Xue XH and Dou XK et al.: IGWs observation and their sources
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Figure 3. Zonal (top) and meridional (bottom) winds observed by the USTC Doppler wind LiDAR during the night of 11 December 2013. The
blue dotted lines indicate regions with anticlockwise rotation of u’ and v'; white dotted lines indicate regions where the rotation direction of u'

and ' can not be determined.

the buoyancy frequency and scale height in the following section.

4. Gravity Wave Observations by the USTC Doppler

Wind LiDAR

For the gravity wave analysis of the USTC lidar data, wind perturb-
ations were extracted first by subtracting background signals
from each wind profile. The background winds were obtained us-
ing fourth-order polynomial fits over shifting windows with 20-km
width and 1-km steps in altitude. The residual wind perturbations
were then filtered through a Butterworth bandpass filter with cut-
off frequencies at vertical wavelengths of 7 and 20 km. The grav-
ity wave structures seen in the wind perturbations on 10 and 12
December 2013 (not shown) are quite similar to those reported
previously (Zhao RC et al., 2016, 2017). The specific gravity waves
signals in the wind perturbations on 11 December were of great-
er interest. Thus, our investigations focused on ~12 hours of grav-
ity wave observations on the night of 11 December 2013.

The zonal (u') and meridional (/) wind perturbations that oc-
curred from 10:20-22:30 UT on 11 December 2013 are shown in
Figure 5. Before 17:00 UT, the gravity waves in v’ and ' exhibited
quasi-stationary structures, with maximum amplitudes of 10 m/s
and 5 m/s for v’ and v/, respectively. The wavenumber spectra of u'
(Figure 6) and ' (not shown) indicate that the dominant vertical
wavelength was ~9-11 km during this time period. However,
small-scale wave modulation was also evident during this period.

After 17:00 UT, the zonal and meridional wind perturbation amp-
litudes both increased, especially for u', which reached a maxim-
um value of 15 m/s. At the same time, the presence of multiple
waves, likely to have been related to downward and upward
propagation, became evident in the zonal wind perturbations.
The dominant vertical wavelengths in the wavenumber spectra of
u'and v' were not affected significantly after 17:00 UT; i.e,, they re-
mained at ~9-11 km.

According to linear gravity wave theory, in-phase wind perturba-
tion (u;) and quadrature-phase wind perturbation (u,) amplitudes
are related through (Gavrilov et al., 1996; Hu X et al., 2002)

uy = —iéu',, 1
where @ is the intrinsic frequency of the wave and f is the Coriolis
parameter, which at Delingha corresponds to an inertial period of
19.7 hours. In the northern hemisphere, where f > 0, (uj, u}) will ro-
tate clockwise with altitude if the wave energy propagates up-
ward, and the vector of zonal and meridional wind perturbation
follows an ellipse-like rotation with increasing altitude. Using the
method of Gavrilov et al. (1996) and Hu X et al. (2002), an ellipse
can be fitted to the data. The ratio of the semi-major to the semi-
minor axis of the ellipse equals the ratio of the intrinsic frequency
@ to the Coriolis parameter 7, and the orientation of the major ax-
is indicates the horizontal direction in which the wave propagates
(+180°).

Xue XH and Dou XK et al.: IGWs observation and their sources
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Figure 4. Zonal (top) and meridional (middle) winds as well as
temperatures (bottom) obtained from ERA5 hourly reanalysis data
during the LiDAR observational period. Red dashed boxes indicate
regions with anticlockwise rotation of the ERA5 wind perturbations.

The hodograph analysis was conducted every half hour for alti-
tude intervals of 10 km (considering that the dominant vertical
wavelength was ~10 km) using the zonal and meridional wind
perturbation profiles from the LiDAR. As an example, Figure 7
shows the hodographs at 11:30 ((a) - (d)) and 17:30 UT ((e) - (h))
for altitudes of 11- 20 km, 21-30 km, 31-40 km, and 41-50 km, re-
spectively. In the altitude range of 11-30 km the hodographs ro-
tated clockwise, which indicates a wave with upward energy
propagation (m < 0). In contrast, in the altitude range of 31-50 km,
the hodographs rotated anticlockwise, which indicates a wave
with downward energy propagation (m > 0). The major axes of the
ellipses fitted within the altitude ranges of 21-30 km, 31-40 km,
and 41-50 km were oriented northeast-southwest and tended to
be perpendicular to the background wind. The orientation of the
ellipses fitted within the altitude range of 11-20 km was parallel
to the background wind. The ratios of the semi-major to semi-
minor axis at 11:30 and 17:30 for the four altitude regions are lis-
ted in Table 2. The data were used to calculate the intrinsic period
according to Equation (1).

Assuming a dominant vertical wavelength of 10 km (Figure 6), the
horizontal wavenumber of the gravity waves can be calculated
through the dispersion relation,

kw—_fz(m 1 ) @)

+ —_—
N? - @ 4H?
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where k and m are the horizontal and vertical wavenumber, re-
spectively. N is the buoyancy frequency, and H is the scale height.
As buoyancy frequency and scale height depend on temperature,
hourly ERA5 temperature data were interpolated to the corres-
ponding time and altitude of the LiDAR observation. Then the
buoyancy frequency and the scale height were calculated
through p? = g_ g_TJr Ci and H = RT/g, respectively. Here, g is
iz Cp
the gravitational acceleration, R = 287J-K™' - kg™' is the gas con-

stant for dry air, and ¢, = 1003.5J - K™' - kg™ ' is the specific heat ca-
pacity. Thus, the horizontal wavelength was determined by Equa-
tion (2) and listed in Table 2.

The statistics of the results of the hodograph analysis at each alti-
tude over time are listed in Table 3.In general, waves with up-
ward energy propagation (clockwise rotation) were dominant
from 11-30 km, especially in the range 11-20 km. At the lowest
heights, ~91% of profiles exhibit clockwise rotation. Waves with
downward energy propagation (anticlockwise rotation) were
dominant at upper altitudes, i.e., the fraction was 54% and 60% at
31-40 km and 41-50 km, respectively. Regions with anticlockwise
rotation of u' and v/ are indicated by blue dotted lines in Figure 3a.
After 15:00 UT, when strong zonal wind amplitudes appeared
above 35 km, the fraction of waves with downward energy
propagation (anticlockwise rotation) increased to ~60% and 77%
at 31-40 km and 41-50 km, respectively. The orientations of the
fitted ellipse major axis, which are listed in Table 3, indicate that
the waves at different altitude regions favored different propaga-
tion directions (considering the +180° uncertainty). For example,
the median value of the orientation angle in the altitude region of
11-20 km was 153° (clockwise from east), while the median value
in the altitude range of 41-50 km was 38°. These statistical results
suggest that the waves were related to different sources.

Simultaneous upward and downward propagating inertia-gravity
waves in the mesosphere and lower thermosphere region have
been reported previously (Huang XM et al., 2017) with the sugges-
tion that the upward and downward waves are generated by dif-
ferent sources, i.e., the stratospheric jet adjustment and reflection
in the realistic atmospheric wind field. In the following section, we
will further discuss possible sources of the waves observed above.

5. Possible Wave Sources

5.1 Waves in the Middle and Upper Stratospheric Region
of 30-50 km

The same method used to extract wind perturbations from the
LiDAR data was used to obtain v’ and ' from the ERA5 hourly
wind data (not shown). Initially, the waves seen in the wind per-
turbations were the same as those in Figure 5. However, the com-
plex structures in the zonal wind perturbations after 17:00 UT did
not appear in the ERA5 data. The hodograph analysis also was
conducted every hour using ERA5 u' and /' data in 10-km altitude
intervals. In general, clockwise rotation was dominant. Regions
with anticlockwise rotation of v’ and ' are indicated in Figure 4.
Inconsistencies in the hodograph analyses between the LiDAR
and ERA5 data appeared mainly above 40 km, where anticlock-
wise rotation was dominant only in the LiDAR data.

Xue XH and Dou XK et al.: IGWs observation and their sources
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Figure 5. Zonal (top) and meridional (bottom) wind perturbations extracted from USTC Doppler wind LiDAR observations on 11 December
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Figure 6. Lomb-Scargle periodogram to estimate vertical wavelengths from the zonal wind perturbation.

One reason for the differences between the LiDAR and ERA5 data
is that the enhancement of the zonal winds at upper levels after
15:00 UT was not reproduced in the ERA5 reanalysis data. The
wind amplitude above 35 km was underestimated in the ERA5
data, and the strong zonal wind (50 m/s) and meridional wind

(~—40 m/s) existed only in the ERA5 data from 10:00-16:00 UT
above 35 km (Figure 4). For more detail, another indicator of grav-
ity wave activity, the horizontal wind divergences, were investig-
ated for 12:00 UT (i.e., the strong upper zonal wind period in the
ERA5 data). Figure 8a shows a west—east cross-section for the

Xue XH and Dou XK et al.: IGWs observation and their sources
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Figure 7. Hodographs of zonal and meridional wind perturbations observed by the USTC Doppler wind LiDAR at 11:30 UT (top) and 17:30 UT
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indicates increasing altitude. Blue dashed lines are ellipses fitted to the hodographs. Red arrows show background wind speed and direction
within the altitude ranges, with wind speed being divided by a factor of 10.

Table 2. Hodograph analysis of u' and ' observed by the USTC LiDAR on 11 December 2013 at 11:30 and 17:30 UT.

Time (UT) Altitude (km) R 0 Rotation T(hrs) My (k)
11:30 11-20 3.6 171° clockwise 5.8 686
21-30 1.8 140° clockwise 115 1738
31-40 34 120° anticlockwise 6.1 731
41-50 4.2 102° anticlockwise 5.0 629
17:30 11-20 2.0 153° clockwise 104 1357
21-30 3.2 124° clockwise 6.5 850
31-40 34 118° anticlockwise 6.2 740
41-50 32 113° anticlockwise 6.4 840

R is ratio of hodograph ellipse semi-major axis to semi-minor axis; 6 is orientation angle of the ellipse (clockwise from east); T is intrinsic period.

Table 3. Statistics of the hodograph analysis for the full observation period on 11 December 2013

Altitude (km) il o clockwise (%)
median mean variance median mean variance
11-20 38 42 1.8 153¢ 100° 72° 91
21-30 34 37 19 136° 103° 66° 63
3140 34 39 25 64° 73° 63° 46
41-50 3.0 31 11 38° 58° 55° 40

R is ratio of hodograph ellipse semi-major axis to semi-minor axis; 6 is orientation angle of the ellipse (clockwise from east); clockwise is fraction

of hodograph profiles with clockwise rotation.

ERA5 horizontal wind divergence along the latitude of Delingha
(i.e., 37.4°N) from 25-55 km altitude. Waves with vertical
wavelengths of ~10-15 km were present over Delingha. At 12:00
UT, a strong wind jet at ~36-38 km existed over Delingha (97.4°E,
the vertical black line). Below the jet (positive wind shear region),
the wave patterns slanted toward the east. Above the jet (negat-

ive wind shear region), the wave patterns slanted toward the
west. The divergence on the longitude-latitude plane at ~37 km,
the jet maximum altitude, is shown in Figure 8b. The wind blew
from northwest to southeast and formed a tongue-shaped jet.
Consecutive plots of the horizontal wind divergence indicate that
the wave propagated against the background wind, i.e., toward

Xue XH and Dou XK et al.: IGWs observation and their sources
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Figure 8. Wind divergence obtained from ERA5 reanalysis data on 11
December 2013, 12:00 UT. (a) West—-east cross-section of the
horizontal wind divergence along the latitude of Delingha (37.4°) at
25-55 km altitude. Wind speed is plotted with blue contours;
Delingha is indicated by the red dashed line. (b) Longitude-latitude
plane at ~37 km (the jet maximum altitude) showing wind divergence
as well as wind speed. Delingha is indicated by a red star; the wave
propagating direction is indicated by the black dashed line. (c)
Lomb-Scargle periodogram along the dashed line across Delingha
shown in (b).

the northwest. For a westward propagating wave, an east-slanted
wave pattern below the jet in the longitude-height cross-section
(Figure 8a) indicates a wave with downward energy propagation
(m > 0), and a west-slanted wave pattern above the jet in Figure
8a indicates a wave with upward energy propagation (m < 0). The
propagation of the waves agrees with the hodograph analysis of
the ERA5 wind data at this period, suggesting that the wave with
downward energy propagation (anticlockwise rotation) from
10:00-16:00 UT within the 30-40 km range was related to the jet
at ~36-38 km. Over Delingha, the dominant horizontal
wavelength along the wave propagating direction (black line) was
~900-1000 km, which is shown in Figure 8c.

The ERAS5 wind perturbations within the range of 30-40 km from
10:00-16:00 UT were similar to the LiDAR wind perturbations
within the 30-50 km range. The main difference is that the strong
jet (50 m/s) with a large positive wind shear covered the altitude
region above 35 km for nearly the entire observational period and
only deaccelerated from 10:00-14:00 UT. Thus, the enhancement
of the jet might have contributed greatly to wave formation with
downward energy propagation and resulted in anticlockwise rota-
tion in the LiDAR hodograph within the 30-50 km range, which is

shown in Figure 3a and 7. As mentioned in the previous section,
the enhancement of the fractions of waves with downward en-
ergy propagation (anticlockwise rotation) within the altitude
range of 30-50 km after 15:00 UT, is likely to have been related to
the existence of the jet. Both the median and average orientation
angles of the hodograph ellipses were less than 90°, which indic-
ates that the waves propagated along the northwest-southeast
direction. This is consistent with the wave direction revealed by
the ERA5 wind divergence, which is shown in Figure 8b, i.e., to-
ward the northwest. The corresponding horizontal wavelengths,
i.e., 600-800 km for the wave within the 31-50 km range at 11:30
UT (Table 2), were also close to that of the ERA5 data at ~37 km,
i.e., 900-1000 km, which is shown in Figure 8c.In fact, the hori-
zontal wind divergence of the ERA5 data indicates that the waves
tended to propagate to the northwest above ~25 km with domin-
ant horizontal wavelengths of ~800-1000 km, which is similar to
the wave structures mentioned above.

5.2 Waves in Lower Stratosphere and Upper Troposphere
Region of 10-30 km

Away from the upper jet, the gravity waves at lower altitudes
showed a preference for propagating downward (upward energy
propagation). Convection is an important tropospheric source of
gravity waves. However, LiDARs are usually operated during clear
nights only, and thus no local convective system is likely to have
occurred over Delingha during the night of 11 December 2013.

Figure 9a shows the total effective cloud fraction (0-1.0) assum-
ing unit cloud top emissivity observed by the Atmospheric In-
frared Sounder (AIRS) aboard NASA's Aqua satellite on 11 Decem-
ber 2013 at 19:35 UT over Delingha. The histogram and the cumu-
lative probability of the simultaneous AIRS observation of the
cloud top temperature are shown in Figure 9b, which indicates
that most measurements (99.4%) of the cloud top temperature
were higher than 210 K, which is considered a threshold for detec-
tion of deep convective clouds (Aumann et al., 2006). Thus, no
evident features of deep convective cloud in the latitude region of
35°N to 41°N and the longitude region of 88°E to 106°E were de-
tected, and we may rule out convection as a source of the up-
ward propagating gravity waves at lower heights.

Several studies have focused on inertial gravity waves generated
by lower stratospheric jets. Vaughan and Worthington (2007)
found that, in the lower stratosphere, clockwise rotation of iner-
tial gravity waves is dominant, with upward energy propagation
associated with jet-stream, and that inertial gravity wave activity
increases when the jet speed increases. In our case study, the jets
in the lower stratosphere were observed by LiDAR and were also
captured by the ERA5 data. However, the jet strength was approx-
imately 2 times stronger in the LiDAR observation (~50-60 m/s)
than in the ERA5 data (~30 m/s). Figure 10a shows a
longitude-latitude plane at ~13 km (i.e., the altitude of the lower
jet). Different from the upper altitude region, the wavefront was
oriented along the northeast-southwest direction. The median
and average value of orientation angles of the hodograph ellipses
were larger than 90° (Table 3) at lower altitudes, which is consist-
ent with the wave pattern shown in Figure 10a. The horizontal
wavelength along the wave propagation direction (black line in
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Figure 9. AIRS observations at 19:35 UT on 11 December 2013. (a)
The total effective cloud fraction (0-1) assuming unit cloud top
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The histogram and the cumulative probability of the simultaneous
AIRS observation of the cloud top temperature; the black dashed line
indicates a cloud top temperature of 210 K.

YV P . . . -

(@) / 1.0x10%

af > ]
; =
= 40f y {[fs0x10° 2
<~ )
(] / 30—] c
3% > 111° &
R - 2 g
536 = 1[{-5.0x10° 3
L /
34 \AJ/\E: -1.0x10*

w
N

92 94 9% 98 100 102 104
Longitude (°E)

1.2x10°%
8.0x10
4.0x10°

0
100 1000
Horizontal Wavelength (km)

Spectrum Amplitude (s7)

Figure 10. Analysis of wind divergences obtained from ERA5
reanalysis data on 11 December 2013, 12:00 UT. (a)
Longitude-latitude plane at ~13 km (the lower jet maximum altitude).
Wind speeds are indicated by blue contour lines. Delingha is indicated
by the red star symbol. (b) Lomb-Scargle periodogram along the
dashed line across Delingha shown in (a).

Figure 10a) was estimated as 400-700 km, which agrees with the
horizontal wavelength obtained from the LiDAR hodograph listed
in Table 2.

Figure 11 shows the synoptic scale potential vorticity (PV) at the
370 K isentropic surface (~12-13 km) as well as the wind and its
horizontal divergence. The wind flow followed the high-PV
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curvature, and the high-PV air propagated eastward. Delingha is
in the vicinity of an inflexion region of the jet-stream’s curved
structure. The flow became unbalanced in the region and inertial
gravity waves were generated, which is shown in Figure 11. The
situation is quite similar to numerical simulations performed by
O'Sullivan and Dunkerton (1995), and to the observations of
Plougonven and Teitelbaum (2003). Numerical simulations have
indicated that quasi-stationary gravity waves with vertical
wavelengths from ~5-15 km and horizontal wavelengths of tens
to hundreds of kilometers can be generated in association with
such a jet front (Kim et al., 2016). Thus the dominant clockwise ro-
tation in the hodograph in the lower altitude region, which is
shown in Figure 7, is likely to have been related to the jet within
the 10-15 km region.

Delingha is located northeast of the Qinghai-Tibet Plateau. Fig-
ure 12 shows a west-east cross-section of the topography along
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Figure 11. ERAS5 synoptic-scale potential vorticity on the 370 K
isentropic surface (~12—13 km) on 11 December 2013, 12:00 UT. Wind
amplitude is indicated by the green line; wind direction is marked by
white arrows. Wind divergences around Delingha (yellow star) are
indicated by red (positive) and blue (negative) contour lines.

the latitude of Delingha (i.e., 37.4°N) as well as ERA5 vertical winds
between 0-20 km at 12:00 UT. Although there were some moun-
tain wave-like vertical wind perturbations below 10 km, the vertic-
al wind velocities in this region were very smaller (much less than
0.1 m/s). Spiga et al. (2008) claimed that mountain waves have sig-
nificant vertical wind velocities of ~1 m/s or more. Vaughan and
Worthington (2007) used a threshold for vertical wind velocity of
0.15 m/s to identify mountain wave events. Furthermore, the po-
tential temperature contours shown in Figure 12 do not show the
structure of folding or deformation related to topography, which
is usually the case when mountain waves are present. Also, Figure
3 indicates that zonal and meridional mean wind reversals oc-
curred at 20-30 km on 11 December at 10:20-~15:00 UT and dur-
ing the entire observational period, respectively. The wind re-
versal did not favor the vertical propagation of orographic gravity
waves.

6. Conclusions

In this paper, we focus on inertial gravity waves observed by the
USTC Doppler wind LiDAR over Delingha (37.4°N, 97.4°E) during
the night of 11 December 2013. The waves appeared to be sta-
tionary with vertical wavelengths of 9-11 km. A hodograph ana-
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Figure 12. West-east cross-section of topography and ERA5 vertical
winds between 0-20 km on 11 December 2013, 12:00 UT along the
latitude of Delingha (37.4°N). Wind amplitudes larger than 30 m/s are
contoured with blue lines.

lysis indicates that characteristics of the inertial gravity waves
differed in the lower and upper stratosphere. At upper altitudes
(~30-50 km), downward propagation was dominant, especially
during a period of enhanced zonal wind speeds. At lower alti-
tudes (~10-20 km), upward propagation of the waves was domin-
ant. The averaged horizontal wave propagation directions were
northwest-southeast and northeast-southwest at the upper and
lower altitudes, respectively. This analysis suggests that upper and
lower level gravity waves have different sources.

Combining ERA5 reanalysis data with the LiDAR data reveals the
existence of large-scale waves with horizontal wavelengths of
800-1000 km in the altitude range of 30-50 km over Delingha on
the night of 11 December 2013. The wavefront was tilted along
the northeast-southwest direction and propagated toward the
northwest against the background wind. This is consistent with
the wave features obtained by LiDAR hodograph analysis in the
range of 30-50 km, i.e., propagation along the northwest-south-
east direction and a horizontal wavelength of ~900 km.

In this case study, we conclude that the waves with downward en-
ergy propagation within the 30-50 km altitude range were gener-
ated by the upper level wind jet observed by the LiDAR, which
was much stronger than that shown by the ERAS5 reanalysis. Based
on our current analysis, we conclude that the waves with upward
energy propagation in the lower altitude region, i.e., ~10-20 km,
are likely to have been generated by the lower stratospheric jet
observed by the LiDAR. The ERAS5 reanalysis shows that the wave-
front tilted along the northwest-southeast direction and propag-
ated along the northeast direction with a dominant horizontal
wavelength range of 400-700 km, which again indicates the wave
features observed by LiDAR at lower altitudes. Thus we conclude
that the inertial gravity waves observed by the LiDAR were gener-

ated by different sources, in this case related to the upper and
lower jets.
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