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Abstract

The eastward- and westward-traveling 10-day waves with zonal wavenumbers up to 6 from surface to the middle
mesosphere during the recent 12 years from 2007 to 2018 are deduced from MERRA-2 data. On the basis of climatol-
ogy study, the westward-propagating wave with zonal wave number 1 (W1) and eastward-propagating waves with
zonal wave numbers 1 (E1) and 2 (E2) are identified as the dominant traveling ones. They are all active at mid- and
high-latitudes above the troposphere and display notable month-to-month variations. The W1 and E2 waves are
strong in the NH from December to March and in the SH from June to October, respectively, while the E1 wave is
active in the SH from August to October and also in the NH from December to February. Further case study on E1 and
E2 waves shows that their latitude-altitude structures are dependent on the transmission condition of the back-
ground atmosphere. The presence of these two waves in the stratosphere and mesosphere might have originated
from the downward-propagating wave excited in the mesosphere by the mean flow instability, the upward-propa-
gating wave from the troposphere, and/or in situ excited wave in the stratosphere. The two eastward waves can exert
strong zonal forcing on the mean flow in the stratosphere and mesosphere in specific periods. Compared with E2
wave, the dramatic forcing from the E1 waves is located in the poleward regions.
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Introduction

Planetary waves (PWs) are oscillations of very predomi-
nantly tropospheric origin with typical periods of about
2-30 days in the troposphere and lower stratosphere
(TLS), the mesosphere and lower thermosphere (MLT),
as well as the ionosphere (Vincent 1990; Forbes et al.
1995; Hirooka 2000; Riggin et al. 2006; McDonald et al.
2011; Yue et al. 2012; Moudden and Forbes 2014; Forbes
and Zhang 2015; Pancheva et al. 2016). PWs can be clas-
sified either as free modes or as forced waves. From
solutions of Laplace’s tidal equation, a series of classical
normal modes can be obtained (Salby 1984). The Rossby
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normal modes propagate westward with periods (zonal
wavenumbers) near 2 (s=3), 5 (s=1), 10 (s=1), and
16 (s=1) days, are often referred to, respectively, as the
quasi-2-day wave, quasi-5-day wave, quasi-10-day wave,
and quasi-16-day wave. These normal modes have been
extensively investigated during recent decades (Salby
1981, 1984; Hirooka and Hirota 1985; Hirooka 1986,
2000; Madden 2007; Sassi et al. 2012). Among these
modes, the quasi-10-day wave attracts less attention and
it is studied inadequately. The investigations specifically
for the quasi-10-day wave are relatively rare. Forbes and
Zhang (2015) provided a comprehensive perspective on
the westward-propagating quasi-10-day wave with zonal
wavenumber 1 by using temperature measurements
from the Sounding of the Atmosphere using Broadband
Emission Radiometry (SABER) and found that it con-
forms reasonably well with theoretical expectations for a
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normal mode, at least below 80 km and its mean period
is 9.8 day with a standard deviation of about 0.4 day.
They also found that the wave is strong during winter
months and weak during summer months. Limited by
the employed data, they only displayed the quasi-10-
day wave in temperature between 20 and 100 km and
50° S=50 °N latitude. Hirooka (2000) did provide some
insight into the normal mode of the quasi-10-day wave
in the stratosphere and lower mesosphere for some lim-
ited time periods by UARS/ISAMS observations. It was
found that the wave structure is easily influenced in the
mesosphere by nonuniform and strong background zonal
winds and the vertical growth of wave amplitudes is pro-
hibited in the mesosphere even without critical regions.

Except the normal mode of the quasi-10-day wave, the
actual atmospheric wavefield associated with a period
of about 10 days was also found to be made of a num-
ber of eastward-propagating wave components espe-
cially in the winter Southern Hemisphere stratosphere
(Hartmann 1979, 1983; Mechoso and Hartmann 1982;
Palo et al. 2005). The eastward-traveling waves of zonal
wavenumber 2 with a period of about 1-2 weeks might
be baroclinically unstable modes (Hartmann 1979),
and the plausible mechanisms associated with negative
potential vorticity gradient of the stratospheric west-
erly jet were discussed (Hartmann 1983). The eastward-
traveling planetary waves of wavenumbers 1 and 2 in the
Southern Hemisphere stratosphere tended to be incoher-
ent with their counterparts in the troposphere, and zonal
flow instability in the stratosphere could explain this
behavior (Mechoso and Hartmann 1982). The eastward-
traveling 10-day waves with zonal wavenumbers 1 and
2, appearing from the stratosphere to the thermosphere
during the Southern Hemisphere pre-stratwarm period,
were also considered due to zonal flow instability relat-
ing to the strong middle atmosphere jet (Palo et al. 2005).
Therefore, the large-scale wave with a period of about
10 days observed in the middle atmosphere is a mixture
of normal mode and forced waves. That is to say, the
westward- and eastward-traveling 10-day waves coexist
in the middle atmosphere. The global structure and sea-
sonal variability of the eastward- and westward-traveling
quasi-2-day and 6-day waves have been presented in pre-
vious research (Pancheva et al. 2016, 2018). However, lit-
tle study on the counterparts of the 10-day wave has been
done, especially in wind fields, which is exactly the main
objective of this paper.

PW characteristics in the atmosphere have been
examined by using various observations. Radiosonde
observations have been extensively used to explore PW
characteristics in TLS (Huang et al. 2009). The meso-
sphere—stratosphere—troposphere ~ (MST), medium-
frequency and Meteor radar measurements have also
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been utilized effectively to study the seasonal and alti-
tudinal variability of local PWs in the TLS (Huang et al.
2017, 2015; Williams and Avery 1992), MLT (Luo et al.
2000), and mesopause (Gong et al. 2018), respectively.
However, the radiosonde, MST, medium-frequency and
Meteor radar stations are all very sparse and observa-
tion data from these sources are still insufficient. High-
resolution satellite observations have contributed a lot in
the investigation of global characteristics of PWs since
they are capable of demonstrating the three-dimensional
propagation scenarios of PWs. However, most satellites
are capable of providing reliable data, as it is in SABER,
only above the lower stratosphere. Moreover, such satel-
lite observations can only offer relatively limited physical
quantities like temperature. The Modern-Era Retrospec-
tive Analysis for Research and Applications version 2
(MERRA-2) provides the latest atmospheric reanalysis
data from the modern satellite era (Gelaro et al. 2017). A
variety of observations are assimilated in MERRA-2 so
that it can provide relatively complete physical quanti-
ties such as horizontal wind and temperature in a large
altitude range from surface to the mesosphere. The
MERRA-2 product of “inst6_3d_ana_Nv” is used as the
primary dataset in this study to explore global character-
istics of the traveling 10-day waves.

Classical PW studies indicate that the atmospheric
background state affects planetary wave propagation by
altering the refractive index (Charney and Drazin 1961),
hence PW amplitude and phase strongly depend on the
background wind conditions (Grieger and Schmitz 1982).
On the other hand, accompanying with propagation and
dissipation, PWs can exert force on and deposit momen-
tum into the background atmosphere, and in turn, affect
significantly the atmospheric dynamical and thermal
structures. PWs are believed to be forced by a variety of
mechanisms. The troposphere is the predominant source
region for PWs. They are forced by orography and pat-
terns of diabatic heating arising from the distribution
of land and sea (quasi-stationary PWs) or by irregular
thermal or mechanical forcing (traveling PWs). From
the stratosphere up to the mesosphere, PWs might be a
result of upward propagation of the tropospheric PWs,
or be excited in situ by zonally asymmetric gravity wave
sources, the barotropic and baroclinic instability, the dis-
sipation and breaking of gravity waves filtered by back-
ground winds, etc. (Meyer and Forbes 1997; Holton 1984;
Smith 1996; Osprey and Lawrence 2001; Chun and Kim
2008). However, there is still a lack of relevant research
on the excitation of the eastward-traveling 10-day waves
from surface to the middle mesosphere and their interac-
tions with the mean flow.

In this paper, we report global characteristics of 10-day
waves with various zonal wavenumbers presented in the
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MERRA-2 data during the recent 12 years from 2007
to 2018. We firstly identify the dominant eastward- and
westward-traveling modes of the 10-day waves, and then
present their global structures and month-to-month vari-
ability. Afterwards, we focus on the dominant eastward-
propagating ones, and explore the dependence of their
spatial structures on the atmospheric transmission con-
ditions as well as their likely sources by case study.

Data and method of analysis

MERRA is a state-of-the-art reanalysis data product
that provides atmospheric fields, as well as global esti-
mates of soil moisture, latent heat flux, snow, and run-
off for 1979-2016 (Rienecker et al. 2011).Version 2 of
MERRA(MERRA-2) is introduced to replace the origi-
nal MERRA dataset because of the advances made in
the assimilation system beginning in 1980 (Gelaro et al.
2017). MERRA-2 updates the Global Statistical Inter-
polation (GSI) analysis scheme and the Goddard Earth
Observing System (GEOS) model, and combines model
fields with multiple observations distributed irregularly
in space and time into a spatially complete gridded mete-
orological dataset. The scientific quality of MERRA and
MERRA-2 products has been evaluated in previous stud-
ies by comparing with reference datasets. Rienecker et al.
(2011) found that the differences between January 2004
radiosonde temperature observations and the final analy-
sis from MERRA for the globe were relatively small (less
than 0.2 K) at most pressure levels. Gelaro et al. (2017)
provided global background departure statistics for radi-
osonde temperatures for MERRA-2 in the troposphere
and stratosphere, and found the amplitudes of the depar-
ture values were basically smaller than 1 K. Compared
with MERRA, MERRA-2 improved representations of the
stratosphere, but included an increased warm bias reach-
ing maximum amplitude of slightly greater than 0.5 K in
the upper troposphere. The product “inst6_3d_ana_Nv”
from MERRA-2 is analyzed fields at the four synoptic
times (00 GMT, 06 GMT, 12 GMT, and 18 GMT) at 72
nominal pressure levels varying from 985 hPa to 0.01 hPa
with the native resolution of 0.625-degree longitude by
0.5-degree latitude. It covers longitude from 180.0° W
to 179.375° E and latitude from 90.0°S to 90.0°N. In this
study, physical quantities of eastward wind component
(U), northward wind component (V), and air tempera-
ture (T) are considered for the analysis.

We choose a 30-day fitting window centered on the
middle date of each month to get the amplitudes and
phases of the 10-day waves in each month. Within
each window, monthly average and the linear trend are
removed from the raw data at any given height and lati-
tude as the background component. Then harmonic
fits are performed on the residuals with respect to 13
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different modes of 10-day waves (zonal wavenumbers
varying from — 6 to 6) for periods varying from 8.0 to
12.0 days in increments of 0.25 days. Since the 10-day
wave is quasiperiodic, here we classify it using a period
band from 8 to 12 day (Forbes and Zhang 2015; Huang
et al. 2015) rather than a single period. The formula used
for the fit is as follows:

2 2

7t —

f(4,t) = Acos < T %si — qb), (1)

where ¢ is the time in days; 4 is the longitude in degrees;
A, T, s and ¢ are, respectively, the amplitude, period,
zonal wavenumber and phase of the 10-day waves. The
positive zonal wavenumbers represent eastward propa-
gation while negatives are westward. For a certain mode
of 10-day waves, its amplitude at any given height and
latitude in each month corresponds to the one fit among
these periods that has the largest amplitude.

In order to check the reliability of the 10-day wave
results deduced from MERRA-2 data, we present the lati-
tude versus altitude structures of the 10-day wave ampli-
tude in temperature at latitudes between 50° S and 50°
N in Fig. 1, and provide detailed comparisons with the
results from Forbes and Zhang (2015). We compute the
confidence level for each harmonic fit, and find that the
confidence level is greater than 95% when the zonal and
meridional wind amplitudes are larger than 2.5 ms™! or
the temperature amplitude is larger than 1 K. For con-
venient comparison, the multiyear average (2002—-2013)
temperature amplitude of the westward-propagating
10-day wave with zonal wavenumber 1 is calculated. In
general, our results are very consistent with those from
Forbes and Zhang (2015). The W1 10-day wave is strong
at mid-latitudes during winter and around the equinoxes;
larger amplitudes favor the spring hemisphere around the
equinoxes; there are two maximums at about 45 km and
70 km in the winter and spring hemispheres, respectively.
In this figure, we also display the counterparts of the
eastward-propagating 10-day wave with zonal wavenum-
bers 1 and 2, i.e., E1 and E2 waves, which are identified as
the dominant traveling ones together with the W1 wave
in the following section. The E1 wave is active and has
comparable amplitudes at mid-latitudes during the NH
winter and the SH spring. The E2 wave is very conspicu-
ous at mid-latitudes during the SH spring. Both waves
are very weak in the summer and autumn hemispheres.

The dominant 10-day waves and their
characteristics

For revealing statistical characteristics of 10-day waves,
we deduce the amplitudes of the different modes with
zonal wavenumbers varying from —6 to 6 in the recent
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Fig. 1 Latitude versus altitude structures of the temperature amplitude of the W1 (left), E1 (middle) and E2 (right) 10-day waves in December (the
top row), September (the second row), June (the third row), and March (the bottom row). All amplitudes represent averages over 2002-2013. White
areas correspond to amplitudes less than 1.0 K

12 years from 2007 to 2018 from the MERRA-2 data in total). We check all the fitting amplitudes for each
as mentioned above. A fitting amplitude is obtained mode, and the significance of these 13 waves is evalu-
for each mode at any given height and latitude for each  ated according to their large amplitude occurrence rate.
month during the period of 2007-2018 (144 months The term “large amplitude” is used for the zonal and
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meridional wind amplitudes exceeding 10.0 ms™' and

the temperature amplitude larger than 5.0 K. The large
amplitude occurrence rate is defined as the number of
the large amplitudes divided by the total number of the
fitting amplitudes. The “large amplitude” criteria are
chosen according to the observational and fitting 10-day
wave amplitudes. UARS/ISAMS observations estimated
that the 10-day wave with s=—1 could be larger than
10-20 ms™! in the mesosphere (Hirooka 2000). SABER
temperature observations showed that the 10-day wave
components with s=1 and s =2 extended from the lower
stratosphere to the lower thermosphere with little ampli-
tude attenuation and the peak amplitudes could exceed
10 K or even 20 K (Palo et al. 2005). In our fitting results,
the maximum zonal wind, meridional wind and tem-
perature amplitudes are 30.7 ms™', 31.1 ms™~! and 10.2 K,
respectively. The fitted zonal and meridional wind ampli-
tudes larger than 10 ms™' and the fitted temperature
amplitude larger than 5 K are with very high confidence
level, and there are quite a number of fitted amplitudes
that exceed these values.

The large amplitude occurrence rates of the 13 waves
for the zonal wind, meridional wind, and temperature
are presented in the top row of Fig. 2. It is clear that large
occurrence rates are concentrated in the zonal wavenum-
bers varying from —1 to 2. It can be concluded that the
dominant 10-day components are the westward-prop-
agating wave with s = —1, the eastward-propagating
waves with s =1, 2, and the zonally symmetric oscilla-
tion with s = 0. The large amplitude occurrence rate for
the s = 0 component for the meridional wind is zero,
which is regarded as a result of the geostrophic approxi-
mation (Pancheva et al. 2007, 2008). Since the earlier
studies (Pancheva et al. 2007, 2008) conducted a detailed
research on the zonally symmetric oscillations, the three
traveling waves will be focused in this study. For sim-
plicity, the waves with s = —1, s =1, and s = 2 will be
referred as W1, E1, and E2 waves, respectively.

The distributions of large amplitude occurrence rates
over amplitude, latitude, height, and month for W1,
E1l, and E2 waves are provided in the last four rows in
Fig. 2. Observing the first two rows in Fig. 2, it is clear
that although W1 wave is one of the dominant waves, it
seems not the one with the greatest significance. Besides,
the most dominant one for the zonal wind and tempera-
ture is E1 wave while it is E2 wave for the meridional
wind. For all the three quantities, E1 wave has the largest
amplitudes.

The distribution of large amplitude occurrence rates
over latitude shows good hemispherical symmetry for
E1 wave while evident hemispherical asymmetry for W1
and E2 waves. For W1 wave, the larger amplitudes take
place more often in the northern hemisphere (NH) when
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compared to the southern hemisphere (SH). They are
centered at ~30° N and around the northern polar region
in the zonal wind; around the northern polar region in
the meridional wind; and at~65° N in the temperature.
For E1 wave, large amplitudes are observed in both hemi-
spheres. They are concentrated at~45° and around the
polar regions in the zonal wind; around the polar regions
in the meridional wind; and at~60° in the temperature.
For E2 wave, large amplitudes occur mainly in the SH.
They are centered at~60° S in the meridional wind and
temperature while at ~35° S and ~70° S in the zonal wind.
Large amplitude occurrence rate at the equator region is
negligible except for W1 wave in the zonal wind.

In terms of the height distributions of large amplitude
occurrence rates, it can be observed that most of the
large amplitudes appear above the troposphere except
for the E2 wave in temperature. In the zonal and meridi-
onal winds, large amplitudes for W1, E1, and E2 waves
are centered at ~ 58, ~ 50, and ~ 40 km, respectively. In the
temperature, two local centers for W1 (~45 and ~ 75 km)
and E1 (~35 and~65 km) waves, while three for E2
(~20,~45 and ~ 70 km) wave, are observed.

The distribution of large amplitude occurrence rates
over month is divided into the NH and the SH. W1 wave
is active in the NH from December to March in all the
three physical quantities, and in the SH from June to
August only in the zonal wind. E2 wave is strong in the
SH in winter and spring months, and in the NH only in
January. E1 wave is active in both hemispheres in winter
and particularly intensive in the SH in September. The
10-day waves are very weak during the summer months
for all the three waves.

Above statistical results show that at~44 km, all the
three dominant 10-day waves have prominent amplitudes
in all components (the zonal wind, the meridional wind
and temperature). Next, we would provide the multiyear
average (2007-2018) zonal wind, meridional wind, and
temperature amplitudes of the W1, E1 and E2 10-day
waves at ~44 km in each month in Fig. 3. It can be seen
that all the three waves are salient at mid- and high-lat-
itudes and exhibit notable month-to-month variations.
The strongest W1 and E2 waves occur in January in the
NH and September in the SH, respectively. For W1 wave,
the maximum zonal and meridional wind amplitudes are,
respectively, 11.1 and 11.3 ms™?, both located in the polar
region. The maximum temperature amplitude is 3.6 K at
50° N. For E2 wave, the maximum zonal and meridional
wind amplitudes are, respectively, 9.1 ms™! at 75° S and
14.1 ms! at 65° S. The maximum temperature ampli-
tude is 5.1 K at 55° S. The E1 wave is very conspicuous
both in January in the NH and September in the SH. The
maximum wind and temperature amplitudes are compa-
rable in both hemispheres, exceeding 12 ms™* and 3.5 K,
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respectively. The zonal wind amplitudes for all the three
waves have a secondary maximum around +42.5°. The
global characteristics of the W1, E1, and E2 10-day waves
revealed by this figure conform well to those from the
above statistical analyses.

Case study for the eastward-traveling 10-day
waves

It is well known that there is a complicated relation-
ship between the 10-day waves and the atmospheric
background. The atmospheric background can control
wave propagation and excite waves in situ by the baro-
tropic and baroclinic instability. On the other hand, the
10-day wave can alter the atmospheric background by
exerting force and depositing momentum. Therefore,

we would like to carefully explore the correlation
between the eastward-propagating 10-day waves and
the mean flow by case study. Since the 10-day waves
have dramatic variations during a month, smaller time
periods like 20 days are selected to study the propaga-
tion, excitation and momentum deposition of the tran-
sient 10-day waves. Harmonic fits introduced in "Data
and method of analysis" section are performed again,
but this time it is applied to the 20-day window. The
window is moved through each month with steps of
1 day. In order to provide convincing case study for the
E1 and E2 waves, we select the windows when only one
wave has very significant amplitudes and the others are
weak. We find that the windows of September 11-30,
and June 2-21 meet the requirements. Figure 4 displays
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the normalized frequency—wavenumber spectra of the
zonal wind disturbance at 47.5° S and ~42 km during
September 11-30 and at 52.5° S and~58 km during
June 2-21. It is clear that the E1 wave is overwhelming
during September 11-30 while the E2 wave is predomi-
nant during June 2-21. Hence wave events during these
two windows are chosen as representative cases for E1
and E2 waves, respectively. Potential vorticity gradient,
refractive index squared, Eliassen—Palm flux and its
divergence during September 11-30 and June 2-21 are
examined in order to explain the latitude—height struc-
tures and their local excitation. The calculation results
corresponding to E1 and E2 waves are provided in the
first and second columns in Fig. 5, respectively.

The following formula is employed to calculate the
basic northward potential vorticity gradient (Andrews
1987; Andrews et al. 1987; Shuckburgh et al. 2001):

2
qy = B — Uy — %(

&ﬁ)
N2,

2)

Here the overbars denote zonal averages while the sub-
scripts denote partial derivatives. The parameter N refers
to the buoyancy frequency, pg is the basic state density,
u is the zonal-mean zonal wind, f is coriolis parameter
(f =29Qsing; Q =7.292 x 10 °Rads™}; ¢ is the lati-
tude), and B is the Rossby parameter (8 = mc%; a is the
mean Earth radius). The first two terms in this expression
represent the barotropic instability while the last term
indicates the baroclinic instability. A necessary condition
for instability of the mean flow is that the basic north-
ward quasi-geostrophic potential vorticity gradient must
change sign somewhere in the flow domain (Andrews

et al. 1987). The mean flow instability might excite the
10-day waves. In such case, the waves might extract
energy from the mean flow and get amplified. The nega-
tive values of g,(referring to presence of instability) are
shown with the colored contours in the top row in Fig. 5.
Because of validity limitations of the quasi-geostrophic
approximation near the equator and surface, and numeri-
cal singularities near the poles, the g, values at latitudes
less than£15°, latitudes greater than=+80°, and altitude
below 1 km are not shown in Fig. 5.

As the second step, the basic northward potential vor-
ticity gradient is used to analyze the refractive index
squared by using the expression defined as follows
(Andrews et al. 1987):

f2 52
" 4H2N?  a2costq

2 4y

u—=c

(3)

Here, u, f, N, a, and ¢ are the same quantities as those
in Eq. (2). In addition, H is the scale height, s is the zonal
wavenumber, and c is the phase velocity. The 10-day
waves could propagate meridionally and/or vertically in
the regions where #*>0 while be evanescent or reflected
from the regions where n*<0. The negative values of n’
(indicating evanescence regions) are shaded with red
color in the second row in Fig. 5.

The Eliassen—Palm (EP) flux and its divergence are
analyzed by using the zonal Transformed Eulerian-Mean
momentum equation under quasi-geostrophic approxi-
mation in spherical log (pressure) coordinates (Edmon
et al. 1980; Andrew et al. 1987; Andrew 1987; Fritts et al.
1999) applying the formula below:
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Fig. 5 Latitude-altitude sections of the potential vorticity gradient (the top row), the refractive index squared (the middle row) and the divergence
of the EP flux (the bottom row) for E1 wave over September 11-30 (the first column), and E2 wave over June 2-21 (the second column) in 2013,
respectively. Regions with negative refractive index squared are shaded in red, while regions with negative potential vorticity gradient and regions
with significant EP flux divergence or convergence are represented by colored contours. The black contours denote EPX (the top row), EPZ (the
middle row), and the zonal wind amplitudes (the bottom row) of these two 10-day waves. Solid and dotted black contours denote the northward
and southward directions for EPX in the top row, and the upward and downward directions for EPZ in the second row
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T + v*[(acos ) " (@cos )y — f1+ W', = (poacos¢) 1V - F (4)

The meridional and vertical components of the EP flux
(F) are defined, respectively, as,

F® = poacosp(@v'0' /0, — u'V) (5)

and

F@ — poa cos {[f — (acos (p)_l(ﬁcos (p)w]v/e//gz — W},
(6)
where primes denote perturbation quantities (deviations
from the zonal averages); v* and W* are the meridional
and vertical components of the residual mean meridional
circulation; u, v, and w are, respectively, the zonal, merid-
ional and vertical winds; and 6 is the potential tempera-
ture. The zonal force per unit mass acting on the mean
state is defined as Df = (poacos¢)~1V - F. Since the
term proportional to the /6’ /0, dominates the vertical EP
flux component, the term proportional to u'w’ is omitted
in the calculations. The meridional and vertical compo-
nents of the EP flux refer to a generalization of the group
velocity concept so that their cross-sections can be used
to visualize the flow of wave energy density (Andrews
1987; Riggin et al. 2006). Regions of positive (negative) EP
flux divergence are sources (sinks) of wave energy, where
the wave is amplified (dissipated). Because of the density
factors in Egs. (5) and (6), the components of the EP flux
have a large dynamic range. For a better height represen-
tation, the meridional and vertical components of the EP
flux are scaled by density, which are L? and i;) We refer
to these scaled components as EPY and EPZ, and display
them with the black contours in the first and second rows
in Fig. 5. Regions of significant positive and negative EP
flux divergence indicate dramatic wave amplification and
dissipation, which are shown with colored contours in the
bottom row in Fig. 5. The zonal wind amplitudes are also
displayed with black contours in this row.

Over September 11-30 in 2013, E1 wave had signifi-
cant zonal wind amplitudes at mid- and high-latitudes
in the SH. The largest amplitude peak of 18.9 ms™' was
located at 47.5° S and ~42 km while the second peak of
17.5 ms™! was at 80° S and ~37 km. Its refractive index
squared showed that, evanescence regions below 4 km
and in 8-18 km almost covered all the latitudes and it
was not favorable for the upward wave propagation in
the troposphere. E1 wave showed downward propagation
in the mid-latitudes from ~ 18 to ~40 km and in the high
latitudes from~18 to~30 km, which proved that the
E1 wave peak at~42 km did not come from the upward
propagation wave from the troposphere. At ~40 km (mid-
latitudes) and ~30 km (high latitudes), the upward and

downward propagations indicates that there is an in situ
source for E1 wave. However, this source is not related
to the mean flow instability. Large evanescence regions
at~60 km block the upward propagation of the excited
E1l wave in the stratosphere, so that the E1 wave peaks
at~42 km are formed. The southward propagating E1
wave at mid-latitudes might be the reflected wave from
the vertical evanescence region located at about 50°S. In
the unstable region above~54 km at high latitudes, E1
wave displays downward propagation. This implies that
the mean flow instability likely plays an important role
on the excitation of E1 wave. And, the EP flux divergence
indeed shows large positive values of 21.4 ms™' day*
there. E1 wave can also exert strong zonal forcing on the
mean flow at mid- and high-latitudes above ~ 24 km, but
the EP flux convergence is clearly weaker than the diver-
gence. The strongest convergence of —8.4 ms™! day  is
located at 50.0° S and ~ 48 km.

Over June 2-21 in 2013, E2 wave had significant zonal
wind amplitudes at mid-latitudes in the SH. The largest
zonal wind amplitude peak of 26.9 ms™! is located at 52.5°
S and ~58 km while the second peak of 18.9 ms™! is posi-
tioned at 35° S and~58 km. Its refractive index squared
indicates that E2 wave can propagate freely at mid-lati-
tudes at about 4-15 km, and at mid- and high-latitudes at
about 15-62 km where the wave energy mainly propagates
upward. A roughly vertical evanescence region is present at
around 20°S. For this reason, it is believed that E2 wave in
the stratosphere and mesosphere mainly originates from the
one in the troposphere in the same hemisphere (since the
evanescence regions at low latitudes can prohibit the cross
equatorial propagation of wave) by upward propagation.
Near 40.0° S and ~68 km, the mean flow instability is pre-
sent, and the wave propagates upward above this height and
downward below this height. It implies that the in situ mean
flow instability causes E2 wave. The positive EP flux diver-
gence around this location is strong as of 20.0 ms~! day?,
further verifying the presence of E2 wave source. In general,
E2 wave can exert strong zonal forcing on the mean flow,
especially in the altitudes above 40 km, where it has large
amplitudes. Not the divergence but the convergence is also
very intensive as of -19.7 ms~! day ! at 45.0° S and ~ 50 km.
Compared with E1 wave, it seems that the dramatic forcing
from E2 wave is located in an equatorward region.

Summary and discussion

A least-squares harmonic fitting procedure is applied to
extract the 10-day waves with zonal wavenumbers vary-
ing from -6 to 6 in the recent 12 years from 2007 to 2018
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from MERRA-2 data. Climatology study reveals the pri-
mary characteristics of the 10-day waves with various
zonal wave numbers from surface to the middle meso-
sphere on the basis of the large amplitude occurrence
rate by checking all the fitting amplitudes.

It is determined that the dominant propagating 10-day
waves from surface to the middle mesosphere are W1,
El, and E2 waves. Although the active regions for these
three waves are all at mid- and high-latitudes above the
troposphere, there are still significant differences among
them. Large amplitudes are present mainly in the NH for
W1 wave, equally in both hemispheres for E1 wave, and
mainly in the SH for E2 wave, respectively.

In terms of height distribution, large wind amplitudes
are mainly located just above the stratopause in the NH,
just below the stratopause in both hemispheres, and
around the middle stratosphere in the SH for W1, E1,
and E2 waves, respectively. Each wave presents only one
height center in the stratosphere and mesosphere in the
zonal and meridional winds. The heights of these centers
for W1, E1 and E2 waves decrease in turn. In the tem-
perature, large amplitudes have two centers in the strato-
sphere and mesosphere for W1 and E1 waves while three
centers for E2 wave. W1 wave is strong around ~58 km,
and decays near the mesopause, which agrees well with
previous work (Hirooka 2000).

All these three waves display significant month-to-
month variations. W1 wave is active in the NH from
December to March while E2 in the SH from June to
October. On the other hand, E1 wave is active in the
SH from August to October and also in the NH from
December to February. W1 wave is strong during winter
and spring months while weak during summer months,
which is consistent with previous work (Forbes and
Zhang 2015).

For E1 and E2 waves, case study is performed on the
two 20-day time segments, i.e., September 11-30 and
June 2-21 in 2013, respectively, when intense wave activ-
ity is present. The calculation results of Potential vorticity
gradient, refractive index squared, Eliassen—Palm flux
and its divergence could explain the formation of the lati-
tude—height structures of these two eastward waves and
provide evidence for the likely wave origins. The promi-
nent 10-day waves in the stratosphere and mesosphere
appear only under the condition that they can freely
travel considerable distance in the vertical direction.
Their meridional propagation can be limited by the verti-
cal evanescence regions.

Our case study also suggests that the mean flow insta-
bility forcing mechanism indeed takes place in the
mesosphere. Both eastward-propagating 10-day waves
in the stratosphere and mesosphere partly originate
from the downward-propagating wave excited in the
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mesosphere by the mean flow instability, which con-
forms well with previous work (Hartmann 1979, 1983;
Mechoso and Hartmann 1982; Palo et al. 2005). Except
that, the E2 wave in the stratosphere and mesosphere
is also a result of the upward-propagating waves from
the troposphere while part of the E1 wave in the strato-
sphere and mesosphere come from in situ excited wave in
the stratosphere which is independent of the mean flow
instability. In a word, the excitation mechanism for the
dominant eastward-traveling 10-day waves is complex
and further investigation is needed. The calculated EP
flux divergence reveal that the two eastward waves can
exert strong zonal forcing on the mean flow at mid- and
high-latitudes above the troposphere in the specific peri-
ods. Compared with E2 wave, the dramatic forcing from
E1 wave is located in poleward regions.
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