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Abstract The global gravity wave (GW) potential energy (PE) per unit mass is derived from SABER
(Sounding of the Atmosphere using Broadband Emission Radiometry) temperature profiles over the past
14 years (2002-2015). Since the SABER data cover longer than one solar cycle, multivariate linear regression
is applied to calculate the trend (means linear trend from 2002 to 2015) of global GW PE and the responses
of global GW PE to solar activity, to QBO (quasi-biennial oscillation) and to ENSO (El Niflo-Southern
Oscillation). We find a significant positive trend of GW PE at around 50°N during July from 2002 to 2015, in
agreement with ground-based radar observations at a similar latitude but from 1990 to 2010. Both the
monthly and the deseasonalized trends of GW PE are significant near 50°S. Specifically, the deseasonalized
trend of GW PE has a positive peak of 12-15% per decade at 40°S-50°S and below 60 km, which suggests
that eddy diffusion is increasing in some places. A significant positive trend of GW PE near 50°S could be
due to the strengthening of the polar stratospheric jets, as documented from Modern Era Retrospective-
analysis for Research and Applications wind data. The response of GW PE to solar activity is negative in the
lower and middle latitudes. The response of GW PE to QBO (as indicated by 30 hPa zonal winds over the
equator) is negative in the tropical upper stratosphere and extends to higher latitudes at higher altitudes.
The response of GW PE to ENSO (as indicated by the Multivariate ENSO Index) is positive in the tropical
upper stratosphere.

Plain Language Summary Gravity waves (GWs) are disturbances of the atmosphere with
horizontal wavelengths of several kilometers to several thousand kilometers. GWs can be generated by
many sources, e.g., wind jets, deep convection, and flow over topography. The global GW potential energy
(PE) per unit mass is derived from SABER (Sounding of the Atmosphere using Broadband Emission
Radiometry) temperature profiles over the past 14 years (2002-2015). We find a significant positive trend of
GW PE at around 50°N during July from 2002 to 2015. Both the monthly and the deseasonalized trends in of
GW PE are significant near 50°S. Specifically, the deseasonalized trend of GW PE has a positive peak of
12-15% per decade at 40°S-50°S and below 60 km, which suggests that eddy diffusion is increasing in some
places. The response of GW PE to solar activity is negative in the lower and middle latitudes. The response of
GW PE to QBO (as indicated by 30 hPa zonal winds over the equator) is negative in the tropical upper
stratosphere and extends to higher latitudes at higher altitudes. The response of GW PE to ENSO (as indicated
by the MEI index) is positive in the tropical upper stratosphere.

1. Introduction

Gravity waves (GWs) are disturbances of the atmosphere with horizontal wavelengths of several kilometers to
several thousand kilometers. GWs can be generated by many sources, e.g., wind jets, deep convection, and
flow over topography [Fritts and Alexander, 2003]. The propagation of GWs is influenced by the environment
(background wind and atmospheric stability) [Nappo, 2002]. When GWs break, the momentum and energy
they carry from the source region are deposited into the mean flow and thus influence the local
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atmospheric structure and even the global atmospheric circulation [Lindzen, 1981; Holton, 1983]. Meanwhile,
breaking GWs can enhance the local eddy diffusion and influence the local distribution of atmospheric
species [Liu et al., 1999; Xu et al., 2006]. Thus, GW effects have to be included in general circulation models
(GCMs) to reproduce realistic atmospheric structures [Kim et al., 2003; Alexander et al., 2010].

Arecent study by Yue et al. [2015] has shown that there is a positive trend of CO, derived from 13 years (2002-
2014) of SABER (Sounding of the Atmosphere using Broadband Emission Radiometry) observations, consis-
tent with the trend derived by Emmert et al. [2012] from 11 years (2004-2014) of ACE-FTS (Atmospheric
Chemistry Experiment Fourier Transform Spectrometer) observations. Moreover, the positive trend increases
with height above 80 km in both SABER and ACE-FTS data. However, the positive trend in CO, derived from
WACCM (Whole Atmosphere Climate Community Model) is essentially constant with altitude, and no larger
than the rate of increase attributable to anthropogenic emissions [Garcia et al., 2016]. Emmert et al. [2012]
showed that the increasing CO, in the mesosphere and lower thermosphere could be reproduced by increas-
ing the vertical eddy diffusion coefficient by 15% per decade in the 1-D model of Roble [1995], while Garcia
et al. [2016] estimated that a 30% per decade increase would be necessary in WACCM (but the model did
not produce any trend in this quantity over the last couple of decades). According to linear GW saturation
theory, the eddy diffusion induced by GWs is proportional to the fourth power of the intrinsic phase speed;
the wave energy of breaking GWs is proportional to the square of the intrinsic phase speed [Lindzen, 1981].
Thus, the wave energy and therefore the amplitude of breaking GWs are strongly related to the GW-induced
eddy diffusion. GWs and the associated eddy diffusion cannot be resolved explicitly in a GCM given current
computing capacity and are instead parameterized. As computational technology and capacity have
increased, GCMs can be run at sufficiently high horizontal resolution to resolve GWs, but the computational
costs make calculations over long periods impractical at this time [Watanabe et al., 2008; H.-L. Liu et al.,
2014; Holt et al., 2016]. Thus, it is compelling to study the variations of GWs observationally.

Observations provide realistic information on the spatial (e.g., latitude, longitude, and height) and temporal
(e.g., monthly, seasonal, and long-term) distributions of GWs and enable us to provide some constraints on
GW parameterizations in GCMs. Satellite observations are valuable complements to conventional ground-
based and in situ observations of GWs, especially as regards the global distribution of GWs. Thus, it is impor-
tant to characterize the global GWs based on satellite observations.

Fetzer and Gille [1994] interpreted the wave-like structures in temperature profiles from the LIMS (Limb
Infrared Monitor of the Stratosphere) satellite experiment as low-frequency (inertia) GWs. Subsequently,
many researchers have made efforts to analyze the global distribution of GWs based on satellite observations.
Wu and Waters [1996] explained the small-scale temperature fluctuations observed by the MLS (Microwave
Limb Sounder) instrument on board the UARS (Upper Atmosphere Research Satellite) as propagating high-
frequency GWs (with horizontal wavelength less than ~100 km) in the middle atmosphere. These high-
frequency GWs were strongly related to tropospheric convection (over equatorial and middle latitude land
masses), surface topography (at middle latitudes), and stratospheric jet streams (in polar regions). Due to
different observational techniques used in different satellite instruments, the observed GWs have different
frequencies or wavelengths. Wu and Eckermann [2008] classified the GWs observed by satellites into three
types: (1) the MLS instruments on board UARS and on the Earth Observing System (EOS) Aura satellite are
sensitive to GWs with high intrinsic frequencies; (2) the limb sounders, e.g., LIMS, SABER, CRISTA (Cryogenic
Infrared Spectrometers and Telescopes for the Atmosphere), and HIRDLS (High Resolution Dynamics Limb
Sounder) are sensitive to GWs with low frequencies [Fetzer and Gille, 1994; Tsuda et al., 2000; Preusse et al.,
2002, 2006; Ern et al., 2004; Alexander et al., 2008; Wang and Alexander, 2010; Alexander, 2015]; and (3) similar
to MLS-like instruments, nadir sounders (e.g., Advanced Microwave Sounding Unit A and Atmospheric
Infrared Sounder) are sensitive to GWs with high frequencies. However, compared to MLS-like instruments,
the sensitivity of nadir sounders covers also somewhat shorter horizontal scales [Wu, 2004; Alexander and
Barnet, 2007; Yue et al., 2013, 2014; Gong et al., 2015; Sato et al., 2016; Tsuchiya et al., 2016]. The global distri-
butions of GWs and their temporal variations can be studied based on these satellite observations.

Using the MLS/UARS observations from 1991 to 1997, Jiang et al. [2005, 2006] showed that the high-latitude
(45°N/S-65°N/S) GWs exhibit annual variations with peak in winter and trough in summer in the stratosphere;
in the mesosphere, GWs exhibit a semiannual variation with peaks in both winter and summer. The interann-
ual variations of GWs at high latitudes are correlated with the strength of the polar vortex. In the subtropical
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region (45°S-45°N), the convectively generated GWs are dominant in the summer stratosphere. Despite
different methods of extracting GWs from the temperature profiles used by SABER, HIRDLS, and CRISTA
and the different temporal coverage of these instruments, GWs show clear semiannual, annual, and biennial
variations [e.g., Krebsbach and Preusse, 2007; Ern et al., 2011, 2014, 2015; Zhang et al., 2012]. Studying the
longer-term (e.g., decadal and solar cycle) changes of GWs is challenging because of the limited temporal
extension of the observation data.

Until now the variations of GWs have only been explored using ground-based observations with a tem-
poral coverage of more than 10 years [e.g., Gavrilov et al, 1995, 2002, 2004; Jacobi et al., 2006; Li et al.,
2010; Hoffmann et al, 2011]. By analyzing GWs derived from medium frequency (MF) radar winds at
Saskatoon (52°N, 107°W) from 1979 to 1993, Gavrilov et al. [1995] found that there is a negative correlation
between GWs and 11 year solar cycle activity. We note that the solar cycle activity is represented by solar
radiation flux at 10.7 cm (Fyo7). By analyzing the GWs at three stations (Saskatoon: 52°N, 107°W; Collm:
52°N, 15°E; and Shigaraki: 35°N, 136°E), Gavrilov et al. [2002] noted that the correlation between GWs
and solar activity is dependent on longitude. By analyzing the GWs derived from MF radar winds at
Hawaii (22°N, 160°W) from 1990 to 2000, Gavrilov et al. [2004] found that enhanced GWs in the mesosphere
might be caused by enhanced GW sources in the lower atmosphere during strong El Nifio events. By ana-
lyzing the GWs derived from the half-hourly mean drift velocities at Collm (52°N, 13°E) from 1984 to 2003,
Jacobi et al. [2006] found a positive correlation between GWs and solar activity, which is inconsistent with
the negative correlation between GWs and solar activity at Saskatoon [Gavrilov et al, 1995]. Although
Jacobi et al. [2006] ascribed this inconsistency to the stronger westward jet in the mesosphere during solar
maximum, they did not exclude other factors (e.g., ionospheric perturbations and GW sources) that could
influence solar cycle variations of GWs. Using a 10.5 year temperature data set derived from Rayleigh lidar
at Hawaii (19.5°N, 155.6°W), Li et al. [2010] showed that there is an enhancement of GW temperature var-
iance during the solar maximum in 2000-2002 in the upper stratosphere, but such an enhancement is not
clear in the lower mesosphere. Using the MF radar wind data at Juliusruh (55°N, 13°E) from 1990 to 2010,
Hoffmann et al. [2011] showed that the GWs with periods of 3-6 h in July exhibit a positive trend of
0.6-1.8 m? s~2 per year above 80 km, which is anticorrelated with the more westward zonal wind trend
underneath, at about 75 km. The anticorrelation between GWs and zonal winds might be due to the selec-
tive GW filtering by the background since the eastward propagating GWs are stronger than the westward
propagating GWs during summer months [Hoffmann et al., 2011]. These ground-based observations shed
some light on the variations of GWs and their possible relations with solar activity, El Nifio, and zonal-mean
wind. However, the global variations of GWs over more than 10 years are also an important issue and
should be studied.

Because of their long-duration, SABER observations provide a good opportunity to study the global variation
of GWs over the period from 2002 to 2015. GWs extracted from SABER temperature profiles exhibit variability
on several time scales: annual, semiannual, quasi-biennial, and 11 year (the latter presumably related to the
11 year solar activity cycle) [e.g., Ern et al., 2011; John and Kumar, 2012; Zhang et al., 2012]. Using the SABER
temperature data from 2002 to 2011, Ern et al. [2011] showed that the GW amplitude and momentum flux are
stronger in the years 2008-2009 than in the years 2002-2003 and 2010-2011. They indicated that the GW
amplitude and the magnitude of momentum flux might be anticorrelated with solar activity (indicated by
the solar radio flux at 10.7 cm, F;¢7). As noted by Ern et al. [2011], the 9 year data set is too short to discrimi-
nate unambiguously between long-term trends and solar activity dependence of global GWs. Now the SABER
temperature data extend from 2002 to 2015, which is longer than one solar cycle. Thus, the focus of this work
is to study the long-term variations of GWs and their response to solar activity, QBO (quasi-biennial oscilla-
tion) and ENSO (EI Niflo-Southern Oscillation).

The remainder of this paper is organized as follows. In section 2 the data sets (SABER temperature data and
the reference time series used for regression analyses) and methods of extracting GWs and multivariate linear
regression (MLR) are described. The global climatology of GWs (latitude, height, and temporal variations) is
presented in section 3. The long-term changes of GWs and their comparisons with other studies are given in
section 4. In section 5 we present the GW responses to solar activity, QBO, and ENSO. Our discussions on the
trends of GWs are given in section 6. Finally, a summary is given in section 7. A detailed description of GW
extraction method is given in Appendix A.
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Figure 1. Latitude-time sections of the monthly and zonal-mean GW potential energy (PE) at several heights (from 30 km
to 100 km with height interval of 10 km). The labeled tick year marks the 15 June of each year.

2, Data and Method
2.1. SABER Temperature

The TIMED (Thermosphere lonosphere Mesosphere Energetics and Dynamics) satellite was launched into an
orbit with height of 625 km and inclination of 74.1° on 7 December 2001. The SABER instrument [Russell et al.,
1999] on board the TIMED satellite has measured temperature and several trace species profiles from ~20 km
to ~110 km since January of 2002. The latitude coverage shifts from 53°N-83°S to 53°S-83°N due to the yaw
cycle of ~60 days (yaw maneuvers are necessary so that the radiometer never looks directly at the Sun). The
SABER temperature retrieval procedure and validation have been reported by Remsberg et al. [2008, and
references therein]. Because SABER uses the limb-scanning measurement technique, SABER observations
are sensitive to GWs with horizontal and vertical wavelengths longer than ~100-200 km and ~4 km, respec-
tively [Preusse et al., 2002].

In this work, SABER temperature profiles (V2.0, Level 2A) are used to extract GWs. Then the long-term varia-
tions of GWs could be resolved since SABER data have covered 14 years (from 2002 to 2015).

2.2. Method of Extracting GW

The GW extraction method used here is similar to that proposed by Fetzer and Gille [1994], Preusse et al. [2002,
2009], Yamashita et al. [2013], and X. Liu et al. [2014]. The detailed procedure for extracting GWs from SABER
temperature profiles is given in Appendix A. Figure 1 shows the monthly and zonal-mean GW potential
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Figure 2. (a) Profile of all years and globally (50°S-50°N) averaged gravity wave potential energy. (b) Latitude-time section
of relative GW PE (RPE). The relative GW PE is calculated by dividing the monthly and global (50°S-50°N) mean GW PE by
the all-year average of global mean GW PE shown in Figure 2a. The unit of color bar is RPE. The labeled tick marks the 15
June of each year.

energy per unit mass (PE) as a function of month and latitude at heights of 30-100 km with height interval of
10 km. We note that the monthly GW PE is calculated by averaging the daily GW PE within a single month.

GW PE per unit mass is proportional to the squared perturbation temperature (see equation (A1) of
Appendix A) and increases with height exponentially since atmospheric density decreases with height expo-
nentially. To make the temporal variation of GW PE more visible across a wide range of altitude, we use the
relative GW PE (RPE), which is defined as RPE = PE/<PE>, where <PE> is the time-mean PE at each height.
Figure 2 shows the time-mean global-mean GW PE (Figure 2a) and the monthly global-mean RPE (Figure 2b).
In a same way we get the monthly zonal-mean RPE by dividing the time-mean zonal-mean PE from the
monthly zonal-mean PE at each latitude. Figure 3 shows the RPE at several latitudes of the Northern (left)
and Southern (right) Hemispheres. The general features of the global GWs and their temporal and height
variations will be described in the next section.

2.3. Method of Extracting Long-Term Changes

The monthly zonal-mean RPE at a given height is binned into a box of 20° x 5° (longitude times latitude)
having overlap of 10° in longitude and 2.5° in latitude. Then the linear trend of RPE and the responses of
RPE to solar activity, QBO wind, and ENSO are calculated by multivariate linear regression (MLR). The MLR
equation is expressed as

RPE(t,'J) = MU —+ Ot't,'J +ﬁ-solar(tu—) =+ yQBO(t,j) =+ K'ENSO(t,'J) =+ Residual, with i
= 2002,2003, ...,2015,j = 1,2, ...,12. )

In equation (1), RPE(t;) is the time series at month (j) and year number (i) from 2002 to 2015. The quantity u
represents a constant RPE. Then, we can get a linear trend (a) and responses of RPE to solar activity (), QBO
(), and ENSO (x) at month (j) by varying the year (i) from 2002 to 2015 in equation (1). We note that the linear
trend of RPE and the responses of RPE to solar activity, QBO, and ENSO derived here are valid for the SABER
data from 2002 to 2015. Since RPE = PE/<PE> and <PE> is the time mean at any given level, the linear trend
in RPE, g, is simply the trend in PE relative to its time mean. Multiplying a times 100% then gives the percen-
tage trend relative to its time mean. In the same way, one can get percentage responses of PE to solar activity,
QBO, and ENSO. The confidence levels for the fitted coefficients are estimated according to the variance-
covariance matrix [see Kutner et al., 2004, chapter 6] and the student t test [see Kutner et al., 2004, chapter 2].

Since SABER sampling is discontinuous at latitudes poleward of 55°5-55°N due to the yaw cycle, we restrict
the results to the latitude band of 50°S-50°N, where the SABER data sampling is continuous. Over this
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Figure 3. Time-height sections of the RPE at several latitudes of the (left column) Northern and (right column) Southern
Hemispheres. The RPE is calculated by dividing the monthly zonal-mean GW PE by the all-year zonal-mean GW PE. The
unit of color bar is RPE. The labeled tick marks the 15 June of each year.

latitude range, we can obtain reliable long-term changes of GWs and their responses to solar activity, QBO,
and ENSO.

The reference time series of solar activity is the solar radio flux at 10.7 cm (F¢7), shown in Figure 4a in solar
flux units (sfu), where 1 sfu = 10722 W m~2Hz ' [Tapping, 2013]. The reference time series for the QBO is the
30 hPa zonal-mean zonal wind at the equator and is shown in Figure 4b [Baldwin et al., 2001]. The reference
time series for ENSO is the Multivariate ENSO Index (MEI), shown in Figure 4c [Randel et al., 2009; Wolter and
Timlin, 2011; Li et al., 2013].
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Figure 4. Reference time series used for the regression analyses. (a) Solar radio flux at 10.7 cm (F;¢ 7) to characterize the
solar cycle, (b) 30 hPa zonal winds over the equator to characterize the QBO, and (c) Multivariate ENSO Index (MEI) to
characterize the ENSO signal. The labeled tick marks the 15 June of each year.

3. Global GW Climatology

From Figure 1 we can see that the GW PE in the stratosphere and lower mesosphere (30-70 km) is stronger at
high latitudes of the southern winter hemisphere than in the northern winter hemisphere (note that the
labeled tick below the x axis marks the 15 June of each year). This is consistent with previous observations
from different satellite instruments [Alexander et al., 2008; Ern et al., 2011; X. Liu et al., 2014]. In the upper
mesosphere and lower thermosphere (80-100 km), the hemispheric asymmetry of GW PE is not as obvious
as that in the upper stratosphere or in the lower mesosphere. The latitude distribution of GW PE varies with
height [Ern et al., 2011]. At 30-60 km, the GW PE has a prominent peak at higher latitudes and a second peak
at around middle latitudes. The second peak occurs during the summer months of each hemisphere and is
generated by convectively excited GWs in the subtropics [Trinh et al., 2016]. The second peak shifts to higher
latitudes with the increasing altitude. This shift is maintained by the longitudinal structure of gravity wave
activity [Ern et al.,, 2013]. The peak at 70-100 km over low latitudes is likely a bias caused by tides that were
not fully removed by the GW extraction method [Ern et al., 2011].

The global GW PE averaged over 14 years (2002-2015), shown in Figure 2a, increases with height from the
stratosphere to the mesosphere (from 40 to 95 km). However, the GW PE is nearly constant with height in
the lower stratosphere (30-40 km). That is consistent with the pattern of GW derived from GPS/MET
(Global Positioning System/Meteorology) but has a smaller magnitude [see Tsuda et al., 2000, Figure 9].
The global RPE, shown in Figure 2b, exhibits semiannual variations from the stratosphere to the mesosphere.
The magnitude of RPE is larger in the stratosphere and lower mesosphere (below 70 km) than in the upper
mesosphere (above 70 km). From Figure 2b we can see that the amplitude of the semiannual variation of
global RPE is relatively stronger during 2006-2010 than that during other years, especially above 75 km.
This is consistent with the result documented by Ern et al. [2011], who used a 9 year SABER data set and
illustrated that GW momentum flux is low in 2002/2003 (higher solar activity) and high in 2008/2009 (lower
solar activity) and then lower again after 2009.
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It should be noted that the global RPE (Figure 2b) is influenced by its maxima during the summer and winter
solstices of each year. Thus, the semiannual variation of global RPE is caused by the two peaks of PRE during
the solstices and the two valleys during the equinoxes. Moreover, the larger RPE in July than January is due to
the larger RPE in the southern winter than in the northern winter.

The monthly zonal-mean RPE at several latitudes are shown in Figure 3. It can be seen that the temporal var-
iations of the RPE change with height and latitude. At 50°N/S, the annual variation is dominant below 70 km.
The annual peak of RPE occurs during the winter months below 70 km and shifts to the summer months
above 80 km. At 40°N/S, both annual and semiannual variations exist but the RPE is stronger during the win-
ter months below 70 km and in the summer months above 80 km. The annual variation of RPE below 70 km
coincides with the lidar observations in the south of France (44°N), which also showed that the maximum
GWs occurring during the winter months [Wilson et al., 1991]. Above 70 km there is a semiannual variation
with a larger peak in the summer months and a minor enhancement in the winter months. This is consistent
with the seasonal variation of GWs revealed from observations by MU radar, MF radar, lidar, and rocketsondes
at middle latitudes [Manson and Meek, 1988; Senft and Gardner, 1991; Tsuda et al., 1994; Nakamura et al.,
1996]. At 30°N/S, the semiannual variation is dominant and the RPE has equivalent magnitude in both winter
and summer months. This is consistent with the MF radar observations at Adelaide [Vincent and Fritts, 1987].
This is also consistent with the results of Krebsbach and Preusse [2007], who used the SABER temperature data
between January 2002 and January 2006 and showed similar biennial, annual, and semiannual variations of
GWs in the latitude band of 30.0°S + 2.5° and altitude range of 60.0 + 1.0 km. At 20°N/S, 10°N/S, and the
Equator, the semiannual variation is still dominant but the RPE has a larger magnitude in the summer months
than in the winter months below 70 km. This is consistent with the result of Zhang et al. [2012], who used the
SABER temperature data between January 2002 and December 2009 and showed also the biennial, annual,
and semiannual variations of GWs in the latitude band of 10°S-10°N and altitude range of 21-26 km. At
30°S-30°N and above 80 km, the annual and semiannual variations still exist but are not as clear as those
below 70 km.

The analyses above illustrate that the relative strengths of annual and semiannual variations are dependent
on latitude and height. In general, the annual variation of RPE is prominent at the latitudes higher than 40°N/S
and has peak in the winter (summer) months below (above) 70 km. And the semiannual variation of RPE is
prominent at the latitudes lower than 30°N/S and has peaks both in the winter and the summer months.
The above analyses and comparisons also illustrate that our method of extracting GWs and the global GW
climatology is reliable. In the following sections we will study the long-term changes of global GWs and
the responses of global GWs to solar activity, QBO, and ENSO.

4. Global Trends of GWs From 2002 to 2015

By applying MLR fit on the time series of RPE from 2002 to 2015, the linear trend (a in equation (1)) of GWs in
each month can be obtained as a function of latitude and height (Figure 5). Here we note that there are no
long-term trends in the instrument performance or latitude dependent biases that have changed over the
14 years of SABER observations. The confidence level is calculated according to the variance-covariance
matrix and the student t test. If the ratio between the fitted long-term trend and its standard deviation is
larger than the value of the t distribution at a significance level s, then we claim that the confidence level
is (1 — s) x 100% for the fitted trend [see Kutner et al, 2004, chapter 2]. The shaded regions shown in
Figure 5 indicate the results are not significant at the 90% confidence level. In the following, we focus on
the regions with confidence level higher than 90% (i.e., the unshaded regions in Figure 5).

From Figure 5 we can see that there are both positive (red contour lines) and negative (blue contour lines)
trends (% per year), which are dependent on month, latitude, and height. The prominent features can be
summarized by the following three points: First, a positive trend of 1-2% per year occurs in the height range
of 75-90 km and in the latitude band of 30°S-50°S during January and in the latitude band of 30°N-50°N dur-
ing July. Second, a positive trend of 1-2% per year occurs in the height range of 30-50 km and latitude band
of 40°N-50°N during March and in the height range of 40-70 km and latitude band of 30°S-50°S during
September. Third, a positive trend of 6-7% per year occurs in the height range of 30-60 km and latitude band
of 40°5-50°S during June and in the latitude band of 40°N-50°N during December (with confidence level
lower than 90%). The lower confidence level during December might be the result of strong planetary
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Figure 5. Latitude-height sections of the linear trend term of RPE during each month. The shaded regions indicate where
the results are not significant at 90% confidence level. The red and blue contour lines denote positive and negative long-
term changes, respectively. The interval of each contour line is 1% RPE per year.

wave activity and sudden stratosphere warmings (SSWs) at northern high latitudes [Ern et al., 2016]. We note
that these prominent features are almost symmetric between the two hemispheres since there is a 6 month
shift for the atmospheric conditions between the Southern and Northern Hemispheres. Thus, the positive
trend of GW RPE in the height range of 75-90 km and latitude band of 30°5-50°S during January is
symmetric to that at around 30°N-50°N during July; the positive trend of GW RPE in the height range of
35-50 km and latitude band of 45°N-50°N during March is almost symmetric to that in the latitude band
of 45°S-50°S during September; and the positive trend of GW RPE in the height range of 30-60 km and
latitude band of 40°S-50°S during June is symmetric to that in the latitude band of 40°N-50°N during
December. It should also be noted that the confidence level in the latitude band of 40°S-50°S is larger
than 90% during June. The confidence level in the latitude band of 40°N-50°N is lower than 90% during
December, which may be due to the strong planetary wave activity and SSWs during the northern winter
months [Ern et al, 2016]. Thus, the trends in the latitude band of 40°S-50°S (or at around 50°S) are
significant in most months, whereas the trend around 50°N is not significant.

The positive trend of RPE near 50°N during July is qualitatively consistent with the positive trend of GW
energy per unit mass (0.6-1.8 m? s~2 per year) in the height range of 80-88 km derived from 20 years
(1990-2010) of MF radar observations at Juliusruh (55°N, 13°E) during July [Hoffmann et al., 2011, Figure 4].
Hoffmann et al. [2011] proposed that the positive trend of GWs is due to the selective GW filtering by the
changing zonal wind. This is because the zonal wind becomes more westward below 80 km and thereby pro-
vides a favorable condition for the eastward propagating GWs, which are dominant in summer months. We
note that there is also a positive trend of 1-2% in the height range of 75-90 km and around 50°S during
January. This positive trend might also be explained by the selective filtering by the changing zonal wind.
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Figure 6. Latitude-height sections of the deseasonalized linear trend term of RPE (a) and the responses of RPE to (b) solar
flux, (c) QBO, and (d) ENSO. The shaded regions indicate where the results are not significant at 90% confidence level. The
red and blue contour lines denote positive and negative values, respectively. The intervals of each contour line are,
respectively, 3% RPE per decade in Figure 6a, 3% RPE per 100 sfu in Figure 6b, 0.5% RPE per 10 m s 'in Figure 6¢, and 1%
per MEIl in Figure 6d.

In the winter months, Hoffmann et al. [2011] did not find a clear trend of GW due to the background wind
variability. This is also consistent with our results in the winter months (December, January, February),
during which there is no significant positive trend in the height range of 75-90 km around 50°N.
Moreover, by analyzing the SSW events from 2001 to 2014, Emn et al. [2016] provided a comprehensive
study on the relations between GW and SSWs and polar-night jet oscillation (PJO) events. They showed
that, at northern higher latitudes, SSWs might enhance and/or suppress GW activity, which depends on
the particular conditions (e.g., polar vortex split and PJO event). Particularly, the negative trend during
January and February might also be influenced by SSWs and PJO events. During these events the GW
activity is strongly suppressed [Ern et al., 2016].

The deseasonalized trend of RPE (% per decade) is shown in Figure 6a, which is calculated by MLR fitting on
the deseasonalized RPE [Randel and Cobb, 1994; Kutner et al., 2004]. From Figure 6a, we can see that there are
both positive and negative trends in RPE, depending on the latitude and height. A prominent positive trend
at confidence level of 90% occurs in the latitude range of 40°S-50°S and in the height range of 35-60 km. The
peak of the positive trend in this region is about 12-15% per decade.

We note that the latitude range of prominent positive trend of RPE is also consistent with the GW's hot spot
region in the Southern Hemisphere, where GW RPE is larger than at other latitudes during the southern
winter months. These strong GWs are believed to be associated with orography, polar stratospheric night
jets, and planetary wave breaking around the polar vortex [Wu and Eckermann, 2008; Preusse et al., 2009;
John and Kumar, 2012; Hoffmann et al., 2013; X. Liu et al., 2014]. Here we can analyze the zonal wind and
its trend around the polar vortex to get some possible explanations on the positive trend in GWs. This will
be discussed in section 6.
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5. Global GW Responses to Solar Activity, QBO Wind, and ENSO

5.1. Responses to Solar Activity

The response of RPE to Fq 7 is shown in Figure 6b. We can see that in the lower thermosphere (above 90 km),
a negative response of RPE to F;q 7 occurs in the latitude range of 50°S-50°N; in the upper mesosphere and at
around the mesopause region (70-90 km), a prominent negative response occurs in the tropical region
(25°S-10°N); in the lower mesosphere (50-70 km), there are two regions having negative response
(35°S-10°N; 30°N-50°N). In the upper stratosphere (30-50 km), a prominent negative response occurs in
the latitude ranges of 30°S-10°N and 30°N-40°N. In general, the responses of RPE to F,q; are negative and
exhibit hemispheric asymmetry and are dependent on latitude and height. The strongest response occurs
in the latitude band of 30°N-50°N and over a height range of 30-75 km. In contrast there is a wider latitude
range of negative response in the Southern Hemisphere.

The negative response of the RPE to F;q 7 is consistent with the findings of Ern et al. [2011], who showed a
negative correlation between GW momentum flux and solar flux but used a 9 years SABER data set at
30 km and 70 km. The negative response of RPE to F;q7 also coincides with the GW intensity revealed from
MF radar observations at Saskatoon (52°N) [Gavrilov et al., 1995]. However, our result does not agree with the
result revealed from the radio drift observations at 52°N by Jacobi et al. [2006], who found positive correlation
between GWs and solar activity. The comparison study based on different instruments at three stations (MU
radar at Shigaraki (35°N, 136°E), MF radar at Saskatoon (52°N, 107°W), ionospheric drift velocity measure-
ments at Collm (52°N, 15°E)) by Gavrilov et al. [2002] indicated that the correlation between GWs and solar
activity is likely dependent on the GW sources (e.g., nonuniform orography in the longitudinal direction)
and the conditions of wave propagation at different longitudes. Gavrilov et al. [2002] also pointed out that
the different measurement methods might also be responsible for the different responses of GW to solar
activity. Thus, the response of RPE to Fig7; might also be dependent on longitude and will not be
discussed here.

5.2. Responses to the QBO

The response of GW RPE to the QBO (as indicated by the 30 hPa zonal wind over the equator) is shown in
Figure 6¢c. From Figure 6¢ we can see that below 40 km a significant negative response of RPE to the QBO
eastward wind phase occurs in the latitude band of 30°S-30°N with more significant response at 0°-30°N
than at 0°-30°S. The GW extraction method used here can include some Kelvin waves with shorter periods
(either 15 day or 7 day periods) especially near the Equator [Andrews et al., 1987]. Thus, the negative response
of RPE to the QBO eastward wind phase could also be related to the fact that eastward propagating Kelvin
waves decrease in the eastward wind phase of the QBO. Using SABER temperature data, Ern et al. [2008] have
shown that Kelvin waves are weak during the eastward wind phase of the QBO (Figure 5a of their paper). The
hemispheric asymmetry of the response of RPE to the QBO is consistent with the RPE QBO amplitude and GW
PE being larger at 10°N-30°N than at 10°5-30°S, but in the height range of 21-26 km [Zhang et al., 2012]. The
hemispherically asymmetric response of RPE to the QBO is also consistent with the fact that the anticorrela-
tion between GW intensity and QBO wind in the latitude band of 15°N-25°N is clearer than in the latitude
band of 15°S-25°S [Ern et al., 2011].

There are also two other regions having prominent negative response of RPE to the QBO. One is in the height
range of 70-80 km and in the latitude band of 20°5-45°S. The other is in the height range of 50-65 km and
latitude band of 15°N-35°N. These two regions seem to originate from the tropical stratosphere and extend
to the upper stratosphere in the Northern Hemisphere and to the lower mesosphere in the Southern
Hemisphere. Thus, even though the QBO originates in the tropical stratosphere, the influence of the QBO
on GW activity can extend to the mesosphere at higher latitudes [Baldwin et al., 2001]. We note that there
is positive response of RPE to QBO at around 80 km and the Equator. That is opposite to the negative
response in the stratosphere since the QBO phase in the mesosphere is about 180° out of phase with respect
to the stratosphere [Burrage et al., 1996; Mayr et al., 1997].

5.3. Responses to ENSO

The response of RPE to ENSO (as indicated by the MEl index) is shown in Figure 6d. From Figure 6d we can see
that a significant positive response of RPE to ENSO occurs in the latitude band of 20°S-15°N and from 30 km
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to about 55 km. Moreover, there is also a region having positive response in the latitude band of 35°N-50°N
and in the height range of below 35 km.

The GW intensity revealed from MF radar observations over Hawaii (22°N, 160°W) is negatively correlated
with the Southern Oscillation Index (SOI, a parameter that reflects Pacific ENSO activity) [Gavrilov et al.,
2004]. Negative SOI corresponds to El Nifio (warm central Pacific), and positive SOl corresponds to La Nifa
(cool central Pacific) events. Therefore, the negative correlation between SOl and GW intensity implies that
GWs are more intense during El Nifio conditions. Similarly, the positive response of RPE to MEI shown in
Figure 6d means that strong El Nifio (large positive MEI index) corresponds to strong GW intensity. Thus,
the positive response of RPE to ENSO in the tropical stratosphere found here is consistent with the result
of Gavrilov et al. [2004]. A possible mechanism is that El Nifio events may strengthen convective GW sources
in the tropical region and change the atmospheric wind and temperature structure [Geller et al., 2016; Sato
et al., 2016].

6. Discussion

Recent studies showed that the rapidly increasing CO, in the mesosphere and lower thermosphere regions
reported by Yue et al. [2015] could be reproduced by increasing eddy diffusion coefficient by 15% per decade
in a 1-D model [Emmert et al., 2012] and 30% per decade in WACCM [Garcia et al., 2016]. Although the
monthly or deseasonalized trend of GWs estimated here is not positive throughout the year and globally,
there exist positive GW trends in some months and at some latitudes. Moreover, the positive trend of GWs
has a peak of about 12-15% per decade at around 50°S, which can provide some observational evidence that
the eddy diffusion coefficient is increasing in some places. However, these significant positive trends of GWs
occur below 80 km and cannot explain the rapidly increasing CO, in the mesosphere and lower thermo-
sphere. We note that the SABER observations cannot capture all GWs (from lowest- to highest-frequency
GWs or from shortest to longest wavelength GWs) but can capture only GWs with horizontal wavelengths
longer than about 100-200 km or vertical wavelengths longer than 4 km [Preusse et al., 2002, 2009]. Thus,
the SABER instrument cannot resolve GWs with horizontal wavelengths shorter than 100 km and/or vertical
wavelengths shorter than 4 km. These GWs with shorter horizontal wavelengths can contribute greatly to the
eddy diffusion but are overlooked by SABER observation due to the limitation of limb sounding.

Now we discuss the possible mechanisms for the trends of GW RPE since it has significant latitude and
seasonal dependence. The trend of GW RPE shown in Figures 5 and 6a is positive and is significant at around
50°S, which is also the latitude band of the polar stratospheric jet. On the other hand, the trends of GW RPE
shown in Figure 5 can be summarized as showing positive trends of RPE during the Southern Hemispheric
(SH) spring equinox (September at around 50°S) and during the SH winter solstices (June at around
50°S, 60°S).

It is generally accepted that the GWs in the stratosphere and mesosphere are related to the GW sources
(orography, convection, jet/front systems, and planetary wave breaking) and propagation conditions
(background winds and atmospheric stabilities) [Nappo, 2002; Fritts and Alexander, 2003; Hertzog et al.,
2008; Jiang et al., 2005, 2006; John and Kumar, 2012; X. Liu et al., 2014; Plougonven and Zhang, 2014;
Thurairajah et al., 2014; Ern et al., 2016]. At the southern higher latitudes, the GWs generated by orography
are comparable to the nonorographic GWs on zonal average, as revealed by Hertzog et al. [2008] from balloon
observations and by Plougonven et al. [2013] through mesoscale Weather Research and Forecast model
simulations. Since the positive trends of RPE occur only in the latitude band where the polar tropopause
jet and the polar stratospheric jet occur, which are important for GW generation and propagation, we will
analyze the polar tropospheric and stratospheric wind and its trend to find possible relations between the
trends of GWs and the polar stratospheric wind.

The MERRA (Modern Era Retrospective-analysis for Research and Applications) [Rienecker et al., 2011] zonal-
mean zonal wind is used to explore the possible relations between the trend of GWs and the polar tropo-
spheric and stratospheric wind. The zonal-mean zonal winds in the latitude bands of 45°N-55°N (with center
at 50°N) and 45°S-55°S (with center at 50°S) are averaged to represent the polar tropospheric and strato-
spheric wind. Then the polar winds from 2002 to 2015 are binned into months to construct seasonal cycles,
as shown in Figures 7a and 7b. Moreover, the trends of polar stratospheric winds in each month for the period
2002-2015 are shown in Figures 7c and 7d. For convenience, we also show the long-term changes of RPE at
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Figure 7. Month-height sections of the MERRA zonal-mean zonal winds at (a) 50°N and (b) 50°S in a binned year, which is
calculated by binning the winds from 2002 to 2015 into 1 year. The white contour lines shown in Figures 7a and 7b are
zero wind lines. The unit of color bar for Figures 7a and 7b is m s~ . The linear trend terms of zonal-mean zonal winds
at (c) 50°N and (d) 50°S in each month for the period of 2002-2015. The long-term changes of GW PE at (e) 50°N and (f) 50°S
in each month for the period of 2002-2015. The shaded regions indicate that the results are not significant at 90%
confidence level. The red and blue contour lines denote positive and negative values, respectively. The intervals of each
contour lineare 2m s~ per decade in Figures 7c and 7d and 1% RPE per year in Figures 7e and 7f.

50°N and 50°S in each month for the period 2002-2015 in Figures 7e and 7f, which are subsets of the data in
Figure 5.

From Figures 7a and 7c we can see that the zonal-mean zonal wind is eastward during December at 50°N. The
positive trend of zonal wind in the height range of 20-60 km during December indicates that the polar strato-
spheric jet became more eastward near 50°N over the past 14 years. This supports the slightly positive trend
of GWs at around 50°N and 30-70 km during December shown in Figures 5, 6a, and 7e. This is likely because
the polar stratospheric jet and the associated polar vortex is one of the main sources of GWs [Gavrilov and
Fukao, 1999; Yoshiki and Sato, 2000; Yamashita et al., 2009]. The fast eastward zonal wind and the associated
positive trend provide favorable conditions for westward propagating GWs during December. The presence
of westward propagating GWs is supported by radiosonde observations over the Arctic, which also showed
that GWs propagate against the mean eastward wind [Yoshiki and Sato, 2000]. Figure 7c shows that there is a
significant negative trend during March and April at 50°N. However, a significant negative trend of GW RPE
does not occur during March or April at 50°N (Figure 7e). Comparing with the zonal-mean wind shown in
Figure 7a, a possible explanation is that the weak eastward wind (near the zero wind) during March and
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April cannot generate much GWs. As for the GW propagation condition, the wind reversal during March and
April might also filter out some GWs with zero and/or slow horizontal phase speed, such as orography-
generated GWs and jet-generated GWs [Plougonven and Zhang, 2014].

To explain the positive trends of GWs at around 50°S, we consider wave sources (the polar stratospheric
jet-generated GWs and tropopause jet-generated GWs) and GW propagation conditions. First, we examine
the polar stratospheric jet-generated GWs and their propagation conditions. From Figure 7b we can see that
the zonal-mean zonal wind at 50°S is eastward from March to October with peak during June at the strato-
pause. The significant positive trend of zonal-mean zonal wind shown in Figure 7d occurs from September
to November with peak during October and in the height range of 20-60 km. This positive trend in the
zonal-mean zonal wind is consistent qualitatively with the results of Sun et al. [2014], who used the Interim
European Centre for Medium-Range Weather Forecasts Re-Analysis (ERA-Interim) data from 1980 to 2001
in the latitude band of 50°5-70°S. In addition, using the National Center for Environmental Prediction-
National Center for Atmospheric Research data from 1959 to 2002, Kanukhina et al. [2008] showed that the
zonal-mean zonal wind is accelerated in the higher middle latitudes of the troposphere and lower strato-
sphere on average. For the new released MERRA2 data, Figure 15 of Molod et al. [2015] showed that the pat-
terns of mean wind are similar to Figure 7b but the zero wind line is higher in altitude and is delayed in time in
MERRA2 compared to MERRA. Since the polar stratospheric jet is a source of GWSs [Gavrilov and Fukao, 1999;
Yoshiki and Sato, 2000; Hertzog et al., 2008; Yamashita et al., 2009; Ern et al., 2016], the eastward zonal wind
and the associated positive trend of zonal wind might indicate that the jet-generated GWs increase from
2002 to 2015. The statistical study by Yoshiki and Sato [2000] showed that the propagating direction of
GWs varied with locations and the GW energy is highly correlated with the stratospheric wind. This indicated
that the polar stratospheric night jet might be a source of GWs in Antarctica. The zonal-mean zonal wind in
Figure 7b changes its direction in the upper stratosphere from eastward during September to westward
during November. Consequently, the jet-generated GWs propagate eastward with height in a reduced
background wind or even in a reversed background wind. This ensures faster intrinsic phase speeds and
larger GW amplitudes in the upper stratosphere [Smith et al., 1987; Liu and Xu, 2007; Ern et al., 2015]. This
supports the positive trend of GWs during September and October at around 50°S shown in Figures 5 and
6a. It should be noted that the trend of GWs is significantly lower than 50°S but could not be calculated at
latitudes higher than 50°S during October due to the sampling pattern of SABER.

Second, we examine the tropopause jet-generated GWs and their propagation conditions. Figure 7d shows
that the zonal-mean zonal wind has a positive trend below 20 km at around 50°S from April to December. This
indicates that GW source processes related to the strength of the tropopause jet may act more strongly, thus
explaining the observed increase in GW PE. Consequently, the strengthening tropopause winds might be the
dominant effect and be responsible for the positive trend of GW RPE over a larger altitude range.

A short summary of the above three points is that the increasing polar stratospheric jet supports the positive
trend of GWs in the lower mesosphere. The increasing tropopause jet supports the positive trend of GWs in
the stratosphere.

Comparison on the zonal-mean zonal winds (Figures 7a and 7b) shows that the stratospheric zonal wind is
stronger at 50°S than that at 50°N during the winter months of each hemisphere. Thus, GWs are stronger
in the southern polar region than that in the northern polar region [John and Kumar, 2012; Zhang et al.,
2012; X. Liu et al.,, 2014]. Moreover, comparison on the trends in the MERRA zonal winds (Figures 7c and
7d) shows that the significant positive trends at 50°S are larger and longer lasting than that at 50°N. This
supports the significant positive trend of GW RPE in the latitudes around 50°S shown in Figures 5 and 6a.

It should be noted that further discussions on the responses of GWs to solar activity, QBO, and ENSO are also
important to elucidate the mechanisms influencing the GWs in the middle and upper atmosphere. Numerical
simulation based on GCMs might be a good choice to elucidate the mechanisms. This is not done in this work
and will be studied in our future work.

7. Summary and Conclusions

We analyzed the global GW activity derived from SABER temperature profiles over the past 14 years (2002-
2015). Since the data covered longer than a solar cycle, we studied the linear trend of GW and the responses

LIU ET AL.

VARIATIONS OF 14 YEARS SABER GLOBAL GWS 6244



@AG U Journal of Geophysical Research: Atmospheres 10.1002/2017JD026604

of GW to solar activity, QBO, and ENSO. Possible mechanisms of inducing the trend of GW are discussed using
the MERRA wind data during the same period as SABER observations.

Over the past 14 years, GWs are stronger in the high latitudes of the southern winter hemisphere than those
in the northern winter hemisphere. Comparing with the northern winter hemisphere, the stronger- and
longer-lasting polar stratospheric jet might be responsible for the stronger GWs in the southern winter hemi-
sphere. The relative strengths of annual and semiannual variations are dependent on latitude and height.
Specifically, the annual variation of GW PE is prominent at the latitudes higher than 40°N/S and has peaks dur-
ing the winter (summer) months below (above) 70 km. And the semiannual variation of GW PE is prominent
at the latitudes lower than 30°N/S and has peaks both during the winter and the summer months.

The trend of GWs depends on month, latitude, and height. The significant positive trend of GWs at around
50°N during July is consistent with that derived from MF radar observations in the height range of
80-88 km. The significant positive trends of GWs are mostly at the latitudes around 50°S, the latitude of polar
stratospheric jet maximum. Since the polar stratospheric jet is an important source of GWs in the polar region,
the positive trends of polar stratospheric jet derived from MERRA wind data support the significant positive
trend of GWs at around 50°S.

Both the monthly and the deseasonalized trends of GWs are significant at around 50°S. By analyzing the
zonal-mean zonal wind and its trends derived from MERRA data, we found that the zonal-mean zonal wind
has positive trend with peak at the stratopause region. According to previous studies, the propagating
direction of GWs is against the eastward zonal-mean zonal wind and there are correlations between GWs
and stratospheric wind over Antarctica, we speculate that the increasing polar stratospheric jet supports
the positive trend of GWs in the upper stratosphere and lower mesosphere. The increasing tropopause jet
supports the positive trend of GWs in the stratosphere.

We should note that the analysis does not show that long-term trends of GWs are responsible for eddy
diffusion changes needed to account for large CO, trends; however, GWs with wavelengths to which
SABER is not sensitive might still be responsible.

The responses of global GWs to solar activity, QBO, and ENSO are also analyzed. The global GWs response to
F10.7 is negative in the lower and middle latitudes, especially in the upper mesosphere and the lower thermo-
sphere. The response of global GWs to the QBO eastward wind phase is negative in the tropical upper strato-
sphere and extend to higher latitudes at a higher altitude. The response of global GWs to the QBO eastward
wind phase is more negative in the tropical region of Northern Hemisphere than that of Southern
Hemisphere. The response of global GWs to the ENSO MEI index is positive in the tropical stratosphere.

Appendix A: Method of Extracting GW

The GW extraction method used here is similar to that proposed by Fetzer and Gille [1994], Preusse et al.
[2002, 2009], Yamashita et al. [2013], and X. Liu et al. [2014]. The detailed procedure for extracting GW from
SABER temperature profiles can be described by the following five steps. The SABER temperature data in the
ascending node at 22 June 2015 (summer solstice) and around 45°S are taken as an example to illustrate
the method.

First, the daily SABER temperature profiles (T(2)) in a latitude band of 5° are rearranged in increasing order with
increasing longitude to produce a longitude-height distribution of temperature (shown in Figure Ala). This
rearrangement is performed in the ascending and descending nodes, respectively, such that it minimizes
the influences of tides on GWs [Preusse et al., 2009; Yamashita et al., 2013]. For the data shown Figure A1a, their
mean local time (LT) is 23.2 h with a standard deviation of 0.24 h. The mean latitude is 45.27°S with a standard
deviation of 1.53°. The nearly identical LT can also minimize the influences of tides on GWs.

Second, the longitude-height distribution of temperature at each height is fitted by least square (LS) harmo-
nic fitting [Lomb, 1976] with zonal wave numbers from 0 to 7 [Preusse et al., 2009; Yamashita et al., 2013; X. Liu
et al., 2014; Thurairajah et al., 2014] to get the background temperature (Ty(2) (Figure A1b), such that tides and
planetary waves can be eliminated efficiently since they have longer horizontal wavelengths.

Third, the perturbation temperature T/(2) is calculated by removing the background temperature from the
observed temperature, T(2) = T(2) — To(2) (black line in Figure A1c).
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Figure A1. Flow chart of extracting GW profiles. (a) The observed temperature at 45°S and ascending node of 22 June 2015,
(b) the fitted temperature obtained by LS fitting with zonal wave numbers 0-7, (c) the perturbation temperature obtained
by subtracting the fitted temperature from the observed temperature, and (d) the perturbation temperature (black) and
the reconstructed GW profiles by wavelet analysis (magenta).

Fourth, we perform wavelet analysis [Torrence and Compo, 1998] on each perturbation temperature profile
T'(2) and get three dominant vertical wavelengths in the range of 4-30 km. Then the three dominant vertical
wavelengths are selected to reconstruct a new perturbation temperature profile (T"(z) (magenta line
Figure A1d), which is used to calculate the GW potential energy (PE) per unit mass [Preusse et al., 2009;
Yamashita et al., 2013]. The GW PE per unit mass of each observed temperature profile is given by [Tsuda
et al.,, 2000; Wang and Geller, 2003; X. Liu et al., 2014; Thurairajah et al., 2014]

" 2
1 g\ (T
&0 =3 () (o) -
where g is the gravitational acceleration. The Brunt-Vaisala frequency N(z) in equation (A1) is calculated by
9 \(9  To@)\]"
N(z) = = . A2
o= |7 2+ "

Here ¢, = 1004.5 ) kg~ K™ is the specific heat of dry air at constant pressure.

Finally, the GW PE of all the observed temperature profiles in each day is binned into 20° x 5° (longitude times
latitude) in horizontal boxes and 1 km in vertical grid. The horizontal boxes have overlap of 10° in longitude
and 2.5° in latitude, respectively. Thus, there are 36 grids in longitude from 5° to 355° and 45 grids in latitude
from 50°S to 50°N.
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