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ARTICLE INFO ABSTRACT

Climatological structure of the quasi-2-day wave (Q2DW) at middle latitudes in temperature and horizontal
winds in the mesosphere and lower thermosphere (MLT) was compared between the northern and southern
hemispheres. Determination of the Q2DW in temperature was based on observation data by the Microwave Limb
Sounder (MLS) onboard NASA’s Earth Observing System (EOS) Aurasatellite over 17 years from August2004 to
May 2021 and the Q2DW in horizontal winds was derived from Aura/MLS geopotential height data using balance
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equations. Amplitudes were maximized in summer in the southern hemisphere and in the meridional wind in the
northern hemisphere, but in winter in the zonal wind in the northern hemisphere. Summer amplitudes were
larger in the meridional wind than the zonal wind in the southern hemisphere, but zonal amplitudes in winter
were larger than meridional amplitudes in summer in the northern hemisphere. Westward propagating zonal
wavenumber 3 (W3) was largest in both hemispheres, but in addition to well-known W4, W3, W2 and eastward
propagating zonal wavenumber 2 (E2), we also found W1, zonally symmetric standing (S0), and E1. Eliassen-
Palm fluxes were derived for each mode. W3, W2, W1, and E2 fluxes were exhibited upward and poleward in
January in the southern hemisphere while only W3 fluxes were exhibited clearly upward and poleward in July in
the northern hemisphere. The balance winds and radar winds agreed in both amplitude and phase in the southern
hemisphere and at lower latitudes in the northern hemisphere in January, and at lower latitudes in both
hemispheres in July. Furthermore, the Q2DW is modulation in amplitude and phase from the W3 by accumu-
lating other modes.

1. Introduction Salby (1980, 1981a, 1981b) proposed that the Q2DW is a manifes-

tation of the mixed Rossby-gravity (3, 0) normal mode with a period of

The quasi-2-day wave (Q2DW) is a global phenomenon and, since its
discovery, has been observed in atmosphere from earth’s surface
through the troposphere to the thermosphere. In particular, the Q2DW
in the mesosphere and lower thermosphere (MLT) has been observed by
ground-based and satellite measurements (Bristow et al., 1999; Fritts
et al., 1999; Kulikov, 2007; Li et al., 2008; Morris et al., 2009; Riggin
et al., 2004; Sandford et al., 2008).
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~2.25 days and Pfister (1985) inferred wave growth of zonal wave-
numbers 2, 3, and 4 with periods of ~2 days. Hagan et al. (1993) showed
that the (3, 0) mode is sensitive to zonal mean winds, especially a
combination of weak eastward winds in the northern hemisphere and
westward winds in the southern hemisphere in the MLT. Plumb (1983)
theoretically predicted a growth of the Q2DW by baroclinic instabilities
caused by an eastward shear in a westward jet, and this was investigated
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employing satellite observations (Gu et al., 2013; Lieberman, 1999;
Limpasuvan and Dong, 2009).

Relations between the Q2DW and baroclinic/barotropic instabilities
have also been examined employing model simulations (Baumgaertner
et al., 2008; Guharay et al., 2013; McCormack et al., 2009; Merzlyakov
and Jacobi, 2004; Rojas and Norton, 2007; Salby and Callagham, 2001,
2003; Schroder and Schmitz, 2004; Yue et al., 2012b) although Hunt
(1981) showed only minimal baroclinic activity. Furthermore, Jia et al.
(2012) and Offermann et al. (2011) inferred that Q2DW amplitudes
correspond to the meridional gradient of the quasi-geostrophic potential
vorticity; and Salby (1981c) concluded that Q2DW amplitudes grow
with altitude where refractive index increases and temperature de-
creases equatorward. Pendlebury (2012) suggested a significant source
of Q2DW variability for polar mesospheric clouds, Gurubaran et al.
(2001a) found a correlation with the equatorial electrojet, and Sonne-
mann and Grygalashvyly (2005) found a 2-day oscillation in a photo-
chemical system in the MLT.

Q2DW analyses employing ground-based radar wind measurements
at various locations have shown that Q2DW responses are enhanced in
summer and winter with meridional amplitudes larger than zonal am-
plitudes. Although the response is maximized in late January in the
southern hemisphere (Hecht et al., 2010; Lima et al., 2012; Murphy and
Vincent, 1998; Poole, 1990; Poole and Harris, 1995; Takahashi et al.,
2012), amplitudes in the northern hemisphere are larger primarily in
summer (Chshyolkova et al., 2005; Jacobi et al., 1997, 1998; Malinga
and Ruohoniemi, 2007; Namboothiri et al., 2002; Thayaparan et al.,
1997a, 1997b), but can also be larger in winter (Gurubaran et al., 2001b;
Nozawa et al., 2003a). A vertical wavelength is variable at 25—100 km at
low and equatorial latitudes (Aratjo et al., 2014; Gurubaran et al.,
2001b; Harris et al., 2013; Lima et al., 2004) but can be > 150 km at
middle latitudes (Craig and Elford, 1981; Harris, 1994; Tsuda et al.,
1988).

Interhemispheric comparisons of simultaneous radar wind mea-
surements at middle latitudes (Craig ct al., 1983; Tsuda et al., 1988) and
high latitudes (Tunbridge and Mitchell, 2009) revealed that Q2DW
amplitudes in summer were larger in the southern hemisphere than
northern hemisphere for both zonal and meridional components.

By combining radar wind measurements at multiple locations, dis-
crepancies from westward-propagating zonal wavenumber 3 (W3)
structure were found in January in both southern (Craig et al., 1980) and
northern (Nozawa et al., 2003b) hemispheres. At middle latitudes in the
northern hemisphere, Meek et al. (1996) found W3 as well as westward
propagating zonal wavenumber 4 (W4), Merzlyakov et al. (2004) found
westward propagating zonal wavenumber 2 (W2), W3, and W4 in 80,
60, and 48 h, respectively, and Pancheva et al. (2004) found W2, W3,
and W4 in 53-56, 48—50, and 4243 h, respectively. At low latitudes in
the northern hemisphere, Pancheva et al. (2006) and Kumar et al.
(2018) found W2 in the Q2DW.

The spatial structure of Q2DW zonal wavenumbers has been studied
employing satellite measurements of winds (Ward et al., 1996; Wu et al.,
1993), temperature (Huang et al., 2013; Rodgers and Prata, 1981;
Tunbridge et al., 2011; Wu et al., 1996), OH airglow (Pedatella and
Forbes, 2012), water vapor (Limpasuvan and Leovy, 1995; Limpasuvan
and Wu, 2003), and ozone density (Azeem et al., 2001). These satellites
include Nimbus 5 Selective Chopper Radiometer (SCR), Nimbus 6
Pressure Modulated Radiometer (PMR), Microwave Limb Sounder
(MLS) onboard the Upper Atmosphere Research Satellite (UARS) and the
Earth Observing System (EOS) Aura satellite, the High Resolution
Doppler Imager (HRDI) and the Wind Imaging Interferometer (WINDII)
onboard UARS, and the Sounding of the Atmosphere using Broadband
Emission Radiometry (SABER) onboard the Thermosphere Ilonosphere
Mesosphere Energetics Dynamics (TIMED) satellite. Their results
showed that.

1. Q2DW amplitudes in summer enhancements were much larger in the
southern hemisphere than the northern hemisphere,
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2. W3 was dominant during summer enhancements in the southern
hemisphere, maximizing at ~30°S while a mixture of W3, W4, and
W2 in the northern hemisphere, and

3. The Q2DW was anti-symmetric with respect to the equator.

Recent studies of global Q2DW structure employing satellite mea-
surements have been focused mainly on temperature, while spatial
structure of the Q2DW in wind fields differs from temperature with
significant interannual variabilities. The Q2DW in zonal and meridional
winds has been studied from ground-based radar observations. How-
ever, it is impossible to determine latitudinal variabilities of the Q2DW
for each zonal wavenumber from ground-based observations at sparse
locations. Study of Q2DW modes has mostly been focused on W3 in the
southern hemisphere and additionally W4 and W2 in the northern
hemisphere. Therefore, we studies other zonal wavenumber modes, such
as W1, S0, and eastward propagations. Recently, Fritts et al. (2019)
examined the spatial structure of the Q2DW in horizontal winds in
January 2015 in the southern hemisphere, derived from balance equa-
tions with MLS geopotential height data. The wind data reasonably
agreed with the Q2DW radar wind measurements. They also showed
Eliassen-Palm (EP) fluxes for each Q2DW zonal wavenumber. We will
apply their analyses to compare spatial structure of the climatological
Q2DW in the southern and northern hemispheres in January and July.
Because we slightly modified their methodology to estimate Q2DW
winds inferred from MLS/balance equations to avoid aliasing between
the Q2DW and longer-period planetary waves and to minimize un-
certainties of the Q2DW, our methodology is explained in the next
section. Results are presented in Section 3. Discussion and summary are
described in Sections 4 and 5.

2. Data acquisition and analysis methodology
2.1. Aura/MLS

NASA’s EOS Aura satellite launched on July 25, 2004 into a near-
polar sun-synchronous orbit at an altitude of 705 km and orbits ~15
times per day. The MLS onboard Aura began observing thermal micro-
wave emission from Earth on August 14, 2004 at 55 pressure levels
between 1000 and 1075 hPa. The MLS measures global atmospheric
temperature and constituents day and night. Geopotential height is
computed from integration of the hydrostatic equation (Schwarts et al.,
2008).

We basically followed the analysis methodology of Fritts etal. (2019)
for Q2DW zonal and meridional winds from MLS data. However, their
methodology is valid only when the Q2DW dominates atmospheric
waves, e.g., in January in the southern hemisphere. To analyze seasonal
variabilities of the Q2DW in both northern and southern hemispheres
extracted from longer-period planetary waves, we modified their
methodology slightly.

Aura/MLS temperature and geopotential height data were collected
in bins of 24" in longitude, 5° in latitude, and 12-h universal time (UT)
for each altitude between 70 and 97 km. Then, 10-day zonal mean
temperature and geopotential height were computed. If the data were
collected continuously, all bins were filled by the data. However, data
were sometimes missing. These bins were interpolated by a cubic spline
with three degrees of freedom, and a band-pass filter between 42 and 54
h was applied to time series for each longitude, latitude, and altitude.
The band-pass filtered data enabled 10-day least-square fits to sinusoids
with westward propagating zonal wavenumbers 1, 2, 3, and 4 (W1, W2,
W3, and W4), zonally symmetric mode (S0), and eastward propagating
zonal wavenumbers 1 and 2 (E1 and E2) for a 48-h period. Although a
period range between 42 and 54 h is relatively narrow for the Q2DW, we
decided to use it to obtain 10-day mean Q2DW amplitudes with smaller
uncertainties at the fits. Because periods of the Q2DW were reported
longer for the W4 and shorter for the W2 than 48 h, our results of W4 and
W2 amplitudes may be smaller than actual values. The methodology
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previously used by Fritts et al. (2019) had a small alias between the
Q2DW and longer-period planetary waves with the same zonal wave-
number, therefore, the alias was solved by employing the band-pass
filter before computing the least-square fits.

Amplitudes and phases in zonal and meridional winds for each zonal
wavenumber were estimated from geopotential height Q2DW ampli-
tudes and phases employing zonal and meridional momentum equations

(Hitchman et al., 1987),

owloe + u (Quwloh) / (a cose) — fiv’ = — (60°/ON) / (a cos), )
and

ov/ot + u (Ov'ION) / (a cosp) — fur’ = — (00/0g) / a, @

where u’, v’, and @ are perturbations of zonal and meridional winds,
and geopotential height, ¢ and 4 are latitude and longitude, a is Earth’s
radius, and u is a zonal mean zonal wind, which was estimated from
zonal mean geopotential heights, assuming gradient wind balance
(Hitchman and Leovy, 1986; Hitchman et al., 1987),
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u=— (1/f) (60’/dy) [1 - (1/f) (0®*/dy) / (2Qa cosp)] ™!, 3)

where Q = 21 (day_l) and f'= 2Q sing. f; and f; are defined as

/i = 2Q sing — [0(u cosg) / 0¢] / (a cosp), “)
and

;= 2Q sing + 2u tang / a. )

The Q2DW results presented in the next section are the accumulation
of all zonal wavenumbers.

The meridional and altitudinal components of EP flux (Andrews
et al., 1987) were computed by

F® = (Gu 102) <v’0> / (00y/02) — <u’v’>, 6)
and
FF = [f— (a cosg) ™! a(u cose) / dp] <v’0°> / (800/02) — <u'w’>, 7

where 6 is geopotential temperature and <> indicates a zonal mean. EP

fluxes presented in the next section were normalized by poa cosg for
both components.
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Fig. 1. Q2DW amplitudes at 0" in longitude of the zonal component induced by MLS/balance winds as a function of altitude at 60°N, 50°N, 40°N, 40°S, 50°S, and
60°S from top to bottom. Line contours indicate zonal mean zonal winds every 10 m/s. Thick lines indicate 0 m/s and solid and dashed lines are eastward

and westward.
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2.2. Meteor radars

Six meteor radars were employed at roughly conjugate latitudes in
each hemisphere to compare with MLS/balance winds. All of these are
All-Sky Interferometric Meteor Radar (SkiYMet) located at Esrange
(68°N, 21°E), Juliusruh (55°N, 14°E), Bear Lake Observatory (42°N,
111°W), Cerro Pachén (30°S, 71°W), Tierra del Fuego (54°S, 68°W), and
Rothera Station (68°S, 68°W) to minimize systematic biases and deter-
mine hourly winds under the same conditions. Determinations of hourly
winds are described by limura et al. (2015). Meteor echo data at 90 *
1.5 km were collected, which had zenith angles between 10° and 70°,
and hourly mean zonal and meridional winds were computed if there
were at least five echoes. Missing hourly points were interpolated by a
cubic spline with three degrees of freedom and time series of the Q2DW
were determined by inversed fast Fourier transform with a band-pass
filter at 42 and 56 h. Amplitudes and phases of the 10-day mean
Q2DW were estimated by least-square fits to sinusoids with 48 h.

60°N

=]
w

Altitude (km)
B8

®©
S

N=3
W

Altitude (km)
28

®
S

N-3
w

Altitude (km)
X 3

)
S

Altitude (km)

Altitude (km)

Alitude (km)
X 3

‘!{A‘r‘ﬁ!l 1 L 0

Journal of Atmospheric and Solar-Terrestrial Physics 221 (2021) 105690

3. Results
3.1. Spatial structure

Figs. 1 and 2 show seasonal and altitude variabilities of zonal and
meridional Q2DW amplitudes at 0° longitude at six latitudes in an
altitude range between ~85 and 95 km. Amplitudes maximized from
July to August for both components at S0°N and 60°N and larger in the
zonal component (>20 m/s) decreasing with altitude compared to the
meridional component (<20 m/s) which increased with altitude. At
40°N, amplitudes maximized at ~21 m/s at 97 km in January for the
zonal component and from July to August for the meridional component
which increased with altitude, maximizing at ~22 m/s at 97 km. In the
southern hemisphere, maximum amplitudes were in January at all lat-
itudes for both components, ranging from 23 to 32 m/s, but amplitudes
were also enhanced from June to July at all latitudes for the zonal
component (<8 m/s) and at 60°S for the meridional component (~6 m/
s). Although amplitudes increased with altitude in late January at 60°S
for the zonal component and at all latitudes for the meridional compo-
nent, amplitudes decreased with altitude at 40°S and 50°S for the zonal
component and increased with altitude from June to July at all latitudes
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Fig. 2. Same as Fig. 1, but for meridional component.
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for both components. Responses were also strong at 60°S from December
to early January for both components, weakening with altitude.

The upper panels of Fig. 3 show seasonal and latitudinal variabilities
of Q2DW amplitudes at 0° longitude at 91 km. For the zonal component,
amplitudes maximized in January at 35° in both hemispheres (28 m/s in
the northern hemisphere and 24 m/s in the southern hemisphere), and
additionally at 60°S in late January. Zonal amplitudes did not have a
clear trend with latitude in both hemispheres. For the meridional
component, the Q2DW was clearly a summer phenomenon in both
hemispheres, increasing in amplitude equatorward and maximizing at
>22 m/s in both hemispheres. Amplitudes were moderately enhanced in
winter in both hemispheres, but increased equatorward in the northern
hemisphere and maximized at 60°S in the southern hemisphere.

The lower panels of Fig. 3 compare latitudinal structures of Q2DW
amplitudes at 0° longitude in the northern and southern hemispheres in
January and July at 91 km. As shown in the upper panels of Fig. 3,
amplitudes were larger in January than July for the zonal component in
both hemispheres. Zonal amplitudes maximized at <28 m/s at <45°N
from 18 January in the northern hemisphere while amplitudes maxi-
mized at <27 m/s at ~45°S until 20 January and then, at ~40°S and
60°S in the southern hemisphere. For the meridional component in the
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southern hemisphere, amplitudes maximized at <24 m/s from 5 to 18
January between 40°S and 50°S, between 20 and 23 January at all lat-
itudes, and then at ~50°S. In the northern hemisphere, maxima of
meridional amplitudes were at <35°N in January and at <45°N before
10 July and after 20 July.

Fig. 4 shows latitudinal variabilities of Q2DW amplitudes for each
zonal wavenumber at 91 km in January and February. Maximum am-
plitudes were larger for all modes and both components in the southern
hemisphere than the northern hemisphere, but maxima in the northern
hemisphere were nearly equivalent to maxima in the southern hemi-
sphere for W2, W1, S0, and E1 in the zonal component. Additionally,
zonal maxima for these W2, W1, SO, and E1 were larger than meridional
maxima in both hemispheres. W4 amplitudes increased equatorward for
both components in the southern hemisphere and maximized from late
January to early February. W3 amplitudes maximized on ~20 January
for both components in the southern hemisphere, but at ~47°S in the
zonal component and increased equatorward in the meridional
component. W3 amplitudes in the northern hemisphere maximized later
than the southern hemisphere and increased equatorward for both
components. E2 amplitudes maximized equatorward of 40°S in late
January and at ~55°S moderately for both components.
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Fig. 3. (Top) Q2DW amplitudes at 0° in longitude induced by MLS/balance winds at 91 km as a function of latitude. (Bottom) Q2DW amplitudes of the (upper) zonal
and (lower) meridional components for (left) January and (right) July. Line contours are same as defined in Fig. 1.
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Fig. 4. Q2DW zonal and meridional wind amplitudes induced by MLS/balance winds at 91 km as functions of latitude in January and February. (Left) W4 to W1 and
(right) SO to E2 are shown from top to bottom. Results of 95% significance level test are shown in line contours.

Similarly, Fig. 5 shows latitudinal variabilities of Q2DW amplitudes
for each zonal wavenumber at 91 km in July and August. Like ampli-
tudes in January in the southern hemisphere, zonal maxima for W2, W1,
S0, and E1 were larger than meridional maxima in both hemispheres
increasing equatorward for both components. W4 amplitudes increased
equatorward in the northern hemisphere and maximized in early August
for both components. Latitudinal structure of W3 was similar to W4 in
the northern hemisphere for both components but W3 amplitudes
maximized earlier than W4 at ~8 m/s for the zonal component and >12
m/s for the meridional component. E2 amplitudes increased equator-
ward for the zonal component in the northern hemisphere, but

maximized at >60°S in the southern hemisphere in early July for both
components and early August only for the zonal component.

Fig. 6 showslatitude/longitudestructures ofthe Q2DW in winds and
temperature for each zonal wavenumber at 91 km at 12:00 on 22
January. Amplitudes were larger in the southern hemisphere than the
northern hemisphere for both winds and temperature. Temperature
amplitudes maximized at <50°S for all modes. In the zonal wind, W3
and W2 amplitudes maximized at ~15 m/s and 5 m/s at ~40°S and W1
maximized at ~5 m/s at 55°S. In the meridional wind, amplitudes
maximized at <35°S for all modes except W1, which maximized at ~4
m/s at 45°S. Phase structures with respect to the equator were:
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Fig. 5. Same as Fig. 4, but for July and August.

‘W4: anti-symmetric (symmetric) at <50° in temperature (zonal
wind).

W3: anti-symmetric (symmetric) at <40’ in temperature and zonal
(meridional) wind.

W2: anti-symmetric (symmetric) in temperature and meridional
(zonal) wind.

W1: anti-symmetric at >50° in temperature.

S0: anti-symmetric (symmetric) in zonal (meridional) wind.

E1: anti-symmetric in temperature and meridional wind, and.

E2: anti-symmetric at <40° in all components.

Temperature and meridional winds were mostly anti-phase for all

modes, except for E1 in the southern hemisphere, but mostly inphase in
the northern hemisphere. Zonal and meridional winds were nearly
quadrature for all modes except for W2 in the southern hemisphere.

Similarly, Fig. 7 shows horizontal structures of winds and tempera-
ture on 28 July. Amplitudes maximized in the northern hemisphere for
all modes, except for E1. Due to smaller amplitudes in July compared to
January, phases were determined less confidently. However, some
apparent features with respect to the equator were:

W4: symmetric at <45° in temperature and zonal wind.

‘W3: anti-symmetric (symmetric) in temperature and zonal (meridi-
onal) wind.
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0
Longitude (Deg.)

Fig. 6. Longitude/latitude variations of Q2DW horizontal balance winds and MLS temperature at 91 km at 12:00 on 22 January (left) from W4 to W1 and (right)

from SO to E2, and (right bottom) sum of all modes.

W2 and W1: symmetric in temperature and meridional wind.

S0: anti-symmetric (symmetric) at <40 in temperature and merid-
ional (zonal) wind.

El: anti-symmetric (symmetric) at <45"in temperature (meridional
wind) and reverse at >45°, and.

E2: anti-symmetric (symmetric) in temperature (meridional wind).

In the northern hemisphere, temperature and meridional wind were
mostly inphase for all modes, except for E2. W3 shows a Rossby-gravity
normal mode in both January and July.

3.2. EP flux

Fig. 8 shows latitude/altitude cross sections of EP fluxes and diver-
gence for each mode on 22 January. W3, W2, and W1 exhibit mostly
poleward and upward fluxes at >80 km and >40°S in the southern
hemisphere. However, divergence maximized at 40°S and 90 km for W3,
and <35°S and >80 km for W2 and W1. E2 fluxes were mostly poleward
but vertical fluxes were not clear. Maxima of E2 divergences were at
>50°S and larger in magnitude than W2 and W1.
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Fig. 7. Same as Fig. 6, but at 12:00 on 28 July.

Similarly, Fig. 9 shows latitude/altitude cross sections on 28 July.
Fluxes werepoleward andupward at >75 km for W3 and <40°N forW1
in the northern hemisphere. Divergences for W3 maximized at <40’ in
both hemispheres and minimized at ~80 km and 50°N. Fluxes for W2,
W1, and E1 at <70 km were mostly upward and equatorward in the
southern hemisphere with larger magnitudes than the northernhemi-
sphere, and hence divergences for W2 and W1 maximized at <60 km
and ~60°S.

3.3. Comparison of balance and radar winds

Fig. 10 compares Q2DW meteor radar winds at six sites and balance
winds at the closest latitudes in January 2012. As a reference, W3 bal-
ance winds are also shown. Although W3 dominated the Q2DW in the
southern hemisphere, W3 amplitudes were smaller than radar ampli-
tudes in the southern hemisphere. But Q2DW amplitudes of balance
winds were larger than W3 amplitudes and comparable to radar am-
plitudes, especially for the meridional component at Cerro Pachon,
zonal component at Tierra de Fuego, and both components at Rothera.
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Fig. 8. Latitude/altitude cross section of EP fluxes for each zonal wavenumber mode (W4 to W1 on left and SO to E2 on right) on 22 January. Color contours show EP
flux divergence. White line contours indicate zonal mean zonal winds every 10 m/s with thick lines for 0 m/s and dashed lines for westward.

Therefore, all modes of the Q2DW had significant influence on the
Q2DW in wind fields.

Although radar data are available until 18 January at Bear Lake and
until 15 January at Cerro Pachon, The Q2DW agreed between radar
winds and balance winds for the meridional component at Bear Lake and
both components at Cerro Pachon. However, phases of the balance wind
Q2DW were largely modulated from W3 by other modes at Bear Lake
while phases of the W3 and balance wind Q2DW agreed at Cerro
Pachon. Phases of the W3 and balance wind Q2DW were similar at
Tierra del Fuego and Rothera and they agreed with radar wind phases
while amplitudes of balance winds were slightly smaller than radar
amplitudes at Tierra del Fuego for both components but larger or
equivalent at Rothera. These results agreed with Fritts et al. (2019). At
Juliusruh, Q2DW amplitudes of balance winds were larger than W3

amplitudes and the Q2DW agreed between balance winds and radar
winds for both components after 18 January.

Similarly, Fig. 11 compares radar and balance wind Q2DW in July.
The time series between these agreed best at Bear Lake. A W3 dominated
the Q2DW and they agreed with the radar winds in both amplitude and
phase before 22 July (between 21 July and 28 July) for the zonal
(meridional) component. Amplitudes were larger in balance winds than
radar winds after 24 July for the zonal component and in radar winds
than balance winds before 23 July and after 27 July for the meridional
component. Results at Juliusruh in July were similar to the results at
Tierra del Fuego and Rothera in January (Fig. 10). The W3 dominated
the Q2DW at Juliusruh and these amplitudes were slightly smaller than
radar amplitudes. However, phases agreed between balance winds and
radar winds. At Esrange, Tierra del Fuego, and Rothera, balance winds
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Fig. 9. Same as Fig. 10, but for 28 July.

and radar winds did not agree in either amplitude or phase. As described
in Fritts et al. (2019), the difference between radar and balance winds
was large when short-term variabilities in amplitude or phase (period)
were large, or when multiple modes equally contributed to the Q2DW. A
possible reason for the disagreements is the coarse time resolution of 12
h to compute the Q2DW from MLS geopotential height data. Addition-
ally, uncertainties of the Q2DW from observations were also large when
periods of zonal wavenumber modes varied from 48 h, i. e., close to 42
or 56 h because the Q2DWs were estimated by least-square fits to si-
nusoids with a period of 48 h.

4. Discussion

It has been already reported that the Q2DW is enhanced in January
and July in both northern and southern hemispheres, with especially

strong responses for the meridional component in January in the
southern hemisphere due to enhancements of W3. Our results showed
larger amplitudes in the northern hemisphere in January than July and
for the zonal component than the meridional component (Fig. 3). These
enhancements were a mixture of mostly W4, W3, W2, and W1 (Figs. 4
and 5).

Gurubaran et al. (2001b) reported Q2DW responses stronger in
winter than summer at Tirunelveli (9°N, 78°E). If the Q2DW is generated
in summer hemisphere and propagates to winter hemisphere (Craig
etal., 1983; Rao etal., 2017), Q2DW responses at Tirunelveli are larger
when propagated from the summer southern hemisphere than generated
in the summer northern hemisphere.

Nozawa et al. (2003a, 2003b) analyzed Q2DW employing MF radar
wind measurements at Tromse (70°N, 19°E) and Poker Flat (65°N,
148°W) from 1998 to 2002 and found stronger responses in winter.
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Fig. 10. Time series of Q2DW in meteor radar winds at Esrange, Juliusruh, Bear Lake, Cerro Pachon, Tierra del Fuego, and Rothera at 90 km, and balance winds at
closest latitudes at 91 km from 9 to January 22, 2012. Solid and dashed lines are for zonal and meridional winds, respectively. Black, red, and blue indicate meteor

radar Q2DWs, balance wind Q2DWs, and W3, respectively.

Tunbridge and Mitchell (2009) found significant interannual variability
of Q2DW responses from meteor radar wind measurements at Esrange
(68°N, 21°E), which is close to Tromseg, from 1999 to 2008. According to
Tunbridge and Mitchell, summer amplitudes were much larger than
amplitudes in January and February in 2000, 2002, 2003, 2005, and
2007, and winter amplitudes were equal to or greater than summer
amplitudes in 2004 and 2006. Specifically, their observations revealed

that Q2DW responses from late November 2007 to late January 2008
were stronger than responses in July 2007 and 2008. Questions remain
concerning interannual variability of Q2DW amplitudes. Nonetheless,
because the Q2DW is a superposition of different zonal wavenumbers
during summer in the northern hemisphere (Ern et al., 2013), it is
possible that amplitudes of each zonal wavenumber may have signifi-
cant seasonal and interannual variabilities. Unfortunately, based upon
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Fig. 11. Same as Fig. 10, but from 18 to July 31, 2012.

ground measurements at a single site, it is impossible to extract ampli-
tudes of each zonal wavenumber. However, the Q2DW has a significant
longitudinal variability when multiple zonal wavenumbers contribute to
the Q2DW (Figs. 6 and 7). In fact, our results showed that W3 maximized
in July in the northern hemisphere, while W3 amplitudes were still
comparable to other zonal wavenumbers. Q2DW amplitudes in July are
significantly enhanced when different zonal wavenumbers are inphase
and suppressed when they are anti-phase.

Our results showed somewhat smaller amplitudes of W4 and W2 in

July in the northern hemisphere than expected from previous studies.
This is likely because we used least square fits to a fixed period of 48 h
even though periods of the W4 and W2 Q2DW may have been beyond
our period. Fig. 4 shows amplitude enhancements for meridional W4 in
early February at <50°S. This does not necessarily mean that the
meridional W4 Q2DW maximized, but that the meridional W4 at a
period of 48 h was maximized. Recently, Pancheva et al. (2018) found
the eastward propagating zonal wavenumber 3 (E3) Q2DW at 50° and
between 60 and 70 km as a winter phenomenon in a geopotential height
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field employing Aura/MLS observations. According to nonlinear inter-
action theory, the E2 Q2TDW is generated by an interaction between the
migrating (W1) diurnal tide and W3 Q2DW. Similarly, the E3 Q2DW can
be generated by the interaction between the W1 diurnal tide and W4
Q2DW (Pancheva et al., 2018). If this is correct, the E3 Q2DW will not
appear in our analyses from the least square fittings with the 48-h
period, however we could not find influence of E3 on Q2DW wind
fields in the MLT even by changing a period to 42 h.

Instead, we found the W1 and SO Q2DW in both hemispheres. We
diagnosed aliasing between the W3, and W1 and SO, and then concluded
that these were not aliased. In particular, the balance wind Q2DWs
differed to a greater degree from the radar wind Q2DWs without either
SO or W1. Unfortunately, we cannot infer any possible generating
mechanisms for W1 and SO at present but plan to explorer this aspect in
future work.

Our analyses poleward of 30° showed moderate Q2DW enhance-
ments in September and early May in the southern hemisphere (Figs. |
and 2), especially in the zonal component. These were a mixture of
enhancements of westward propagating zonal wavenumbers. Q2DW
responses at low and equatorial latitudes were analyzed employing
ground-based radar data at Thumba (9°N, 77°E) from 2006 to 2009 by
Babu et al. (2011), at Thumba and Kototabang (0°, 100°E) from 2006 to
2012 by Kumar et al. (2018), at Thumba from 2005 to 2014 and Tir-
unelveli from 1993 to 2009 by Rao et al. (2017), and at Kolhapur (17°N,
74°E) from 2013 to 2017 by Gaikwad et al. (2019). All of these re-
searchers found amplitude enhancements in October, in addition to
January and July. Particularly, Kumar et al. (2018) estimated primary
zonal wavenumbers, that is, W3, W4, and W2 in January, July, and
October, respectively. Lima et al. (2004) analyzed meteor radar data at
Cachoeira Paulista (23°S, 45°"W) from April 1992 to March 2002 and
found enhancements only in summer and winter. Aratjo et al. (2014),
on the other hand, compared Q2DW responses at Sao Joao do Cariri
(7°S, 37°W) with those at Cachoeira Paulista and found that the Q2DW
was enhanced in both summer and winter at the two sites, but in March
and October only at Sao Joao do Cariri. This implies that the Q2DW in
boreal autumn at equatorial latitudes can propagate poleward in both
hemispheres, but that the Q2DW in austral autumn propagates only to
low latitudes in the southern hemisphere.

To study correlations of the Q2DW in the MLT and at the strato-
sphere, we analyzed Q2DW structure at lower altitudes between 30 and
60 km. Our results showed that the Q2DW was enhanced in winter with
larger amplitudes in the southern hemisphere than the northern hemi-
sphere. Maximum amplitudes of W3 were ~18 m/s in the zonal wind
and ~22 m/s in the meridional wind at ~40°S and ~50 km in July. On
the other hand, maximum amplitudes at 40°'N were ~10 m/s for both
components in January. Madhavi et al. (2015) studied structure of the
stratospheric Q2DW at middle and high latitudes in both northern and
southern hemispheres using Global Positioning Radio Occultation
(GPSRO) Constellation Observing System for Meteorology, lonosphere,
and Climate (COSMIC) data during an interval from November 2006 to
December 2010. They found enhancements in winter in both hemi-
spheres with large interannual variability in amplitude. Limpasuvan
etal. (2005) analyzed global structure of the Q2DW employing MLS data
in water vapor, carbon monoxide, temperature, and line-of-sight wind
from December 2004 to March 2005, and inferred that the Q2DW in
winter hemisphere is mainly trapped in the stratosphere and lower
mesosphere. This implies a different generation mechanism of the
Q2DW between the MLT and the stratosphere.

The Q2DWs between the stratosphere and the MLT also differed in
vertical structures. In January in the southern hemisphere, the meridi-
onal W3 Q2DW in the MLT exhibited upward propagation with a ver-
tical wavelength of ~70 km at <60°S and downward propagation at
=70°S. In the stratosphere, on the other hand, the W3 Q2DW was
evanescent in both hemispheres.

Planetary waves are expected to be enhanced by baroclinic/baro-
tropic instabilities. A necessary condition for the instabilities is the
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meridional gradient of the quasi-geostrophic potential vorticity (g,) <
0 (Liuetal.,2004; Yue et al., 2012a), which is derived from an equation

®

where N is the Brunt-Vaisala frequency, and p is density. We obtained ¢,
< 0in January only at 40°S and <80 km, agreeing with Gu et al. (2016)

o = 2Q cosp — {[(u cos®), / (a cos)], + alp [(f2 / Ny p .},

and Liu et al. (2004), and g, > 0 in July in the northern hemisphere.
According to equation (8), the second term must be greater than the first
term for ¢, < 0. However, the second term is negative, except for <80
km at ~40°S.

The second term in the meridional component of the EP flux equation
(Equation (6)) was larger in magnitude than the first term at 91 km in
January in the southern hemisphere, and hence the meridional
component depends primarily on ’ and v’ amplitudes. Meridional fluxes
for W3 increased with altitude and reached >100 m?>/s” in January in
the southern hemisphere, but increased with altitude and reached only
~20 m?/s? in July in the northern hemisphere due to smaller amplitudes
of the Q2DW in July in the northern hemisphere.

Vertical winds at local sites have been measured by meteor radars
(Egito et al., 2016; Eswaraiah et al., 2011) and reported up to a few 10
m/s. According to Yajnavalkya and Andrew (2010), vertical winds are
the sum of meridional circulation, geomagnetic activity, and residual
influence by short-period waves, such as gravity waves and tides, and
the vertical winds in the meridional circulation are expected to be on the
order of cm/s (Portnyagin et al., 2010). Therefore, the altitude compo-
nent of the EP flux equation (Equation (7)) depends primarily on latitude
and altitude structures of geopotential temperature and winds. Struc-
tures of the altitude component of W3 EP fluxes were similar between
January in the southern hemisphere and July in the northern hemi-
sphere, but ~7 times larger in magnitude in January in the southern
hemisphere than July in the northern hemisphere.

Among the limited number of EP flux studies for the Q2DW in the
MLT, Fritts et al. (2019) showed EP fluxes for each zonal wavenumber in
the southern hemisphere on three days in January 2015. As shown in
Fig. 8, their results for most zonal wavenumbers on 22 January are very
similar to ours. Magnitudes for fluxes were smaller in our results than
those of Fritts et al. but this is not surprising because Q2DW amplitudes
in January 2015 in the southern hemisphere were larger than climato-
logical amplitudes. Gu etal. (2016) derived EP fluxes of the Q2DW in the
northern hemisphere during boreal summer in 2007 employing the
ensemble data assimilation version of the Whole Atmosphere Commu-
nity Climate Model4Data Assimilation Research Testbed. Their W3 EP
flux structure shows upward and poleward fluxes, agreeing with our
results although quantitative differences exist which are probably due to
interannual variabilities. To continue this work, we plan additional
study of interannual variabilities of Q2DW structure and EP fluxes.

5. Summary

We compared climatological structure and variability of the Q2DW
in MLT temperature and horizontal winds for summer and winter be-
tween the northern and southern hemispheres, employing balance
equations with Aura/MLS temperature and geopotential height data at
latitudes between 30 and 70° and altitudes between 70 and 97 km.

Q2DW amplitudes increased with altitude in the meridional
component, maximizing in summer in both hemispheres, however, we
found no clear trend with altitude in the zonal component, with maxima
mostly in summer. Regarding zonal and meridional components in
January in the southern hemisphere, Q2DW amplitudes were dominated
by W3, as previously reported. However, our results exhibited a mixture
with W4 and W2 in the meridional component and with W1, S0, and E2
for the zonal component in the northern hemisphere and in winter in the
southern hemisphere. Maximum amplitudes were, however, W3, most
likely because we obtained amplitudes for a period of 48 h. In addition,
horizontal structure of the W3 with respect to the equator was anti-
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symmetric in temperature and zonal wind, and symmetric in meridional
wind, indicating a Rossby-gravity normal mode.

W3 EP fluxes were poleward and upward at >85 km in summer in
both hemispheres. In January in the southern hemisphere, structures of
W3, W2, and W1 fluxes were similar with smaller magnitudes for W2
and W1 than W3. In July in the southern hemisphere, on the other hand,
W4, W2, and W1 were somewhat similar, upward and equatorward at
<70 km. In July in the northern hemisphere, though, W4, W3, and W1
fluxes showed similar structures, upward and poleward at >85 km,
despite being downward and equatorward for W2.

SkiYMet was operating in January and July 2012 at three sites in
each hemisphere, and the Q2DW was compared between meteor radar
wind measurements and balance wind. Results agreed in the southern
hemisphere in January and at lower latitudes in the northern hemi-
sphere in July. Disagreements were larger in phases when amplitudes
were smaller, multiple zonal wavenumber modes comprised the Q2DW,
or Q2DW amplitudes or periods changed significantly during a short
time.
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