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Abstract The structure, variability, and mean-flow interactions of the quasi-2-day wave (Q2DW) in
the mesosphere and lower thermosphere during January 2015 were studied employing meteor and
medium-frequency radar winds at eight sites from 23°S to 76°S and Microwave Limb Sounder (MLS)
temperature and geopotential height measurements from 30°S to 80°S. The event had a duration of ~20-25
days, dominant periods of ~44-52 hr, temperature amplitudes as large as ~16 K, and zonal and

meridional wind amplitudes as high as ~40 and 80 m/s, respectively, at middle and lower latitudes. MLS
measurements enabled definition of balance winds that agreed well with radar wind amplitudes and phases
at middle latitudes where amplitudes were large and quantification of the various Q2DW modes
contributing to the full wave field. The Q2DW event was composed primarily of the westward zonal
wavenumber 3 (W3) mode but also had measurable amplitudes in other westward modes W1, W2, and W4;
eastward modes E1 and E2; and stationary mode SO. Of the secondary modes, W1, W2, and E2 had the
larger amplitudes. Inferred MLS balance winds enabled estimates of the Eliassen-Palm fluxes for each mode,
and cumulative zonal accelerations that were found to be in reasonable agreement with radar estimates from
~35°S to 70°S at the lower altitudes at which radar winds were available.

1. Introduction

The quasi-2-day wave (Q2DW) is a global planetary-scale phenomenon and episodically one of the most pro-
minent features in atmospheric dynamics in the mesosphere and lower thermosphere (MLT). It has been
observed in many fields throughout the atmosphere over the ~4 decades since its discovery (Glass et al.,
1975; Kashcheyev & Oleynikov, 1999; Muller & Kingsley, 1974; Muller & Nelson, 1978). An early general
circulation model study by Hunt (1981) reproduced the Q2DW in the wind and temperature fields and
inferred that the Q2DW is a westward propagating, zonal wavenumber 3 (W3) mode having a very small
phase variation with altitude, in agreement with the observations by Rogers and Prata (1981).

Salby (1981a) proposed that the Q2DW was a manifestation of the mixed Rossby-gravity (3,0) normal mode
of a windless, isothermal atmosphere with a period of ~2.25 days. Salby (1981b, 1981c) also investigated
responses of various Rossby normal mode wind and temperature fields to nonuniform mean winds and tem-
peratures. He concluded that Q2DW frequencies were largely influenced by the mean wind and that ampli-
tude growth with altitude was enhanced in regions of increased refractive index by weak zonal winds and
decreasing equatorward temperatures. Hagan et al. (1993) used a linear spectral model for January mean
conditions and found evidence of the Q2DW in the mesosphere as the westward propagating mixed
Rossby-gravity (3,0) normal mode, as initially proposed by Hunt (1981) and Salby (1981a) and observed by
Rogers and Prata (1981). Hagan et al. (1993) also found that a combination of weak eastward winds in the
winter hemisphere and westward winds in the summer hemisphere increased mode amplitudes at low
and middle latitudes in the summer hemisphere.
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Plumb (1983) and Pfister (1985) proposed that the Q2DW could be forced by baroclinic instability of the
zonal jet in the summer mesosphere. Additional assessments using various global models confirmed that
the Q2DW is primarily a Rossby-gravity (3,0) mode arising from baroclinic and/or barotropic instabilities
(McCormack et al., 2009; Norton & Thuburn, 1996; Salby & Callagham, 2001, 2003; Schréder & Schmitz,
2004; Yue et al., 2012). Studies by Palo et al. (1999) and Froehlich et al. (2003) also described the Q2DW struc-
ture and suggested that it could be excited in the lower atmosphere and propagate into the MLT.

Additional studies employing ground-based and satellite measurements examined Q2DW occurrence statis-
tics, structure, periods, and interactions with other waves. Multiple studies addressed variations with season
and latitude and confirmed the major contributions by W3 (Azeem et al., 2001; Baumgaertner et al., 2008;
Clark et al., 1994; Ern et al., 2013; Garcia et al., 2005; Huang et al., 2013; Lilienthal & Jacobi, 2015;
Limpasuvan & Wu, 2003; Malinga & Ruohoniemi, 2007; Nozawa et al., 2003; Offermann et al., 2011;
Rogers & Prata, 1981). Others revealed a tendency for larger amplitudes and more temporally isolated
responses in the Southern Hemisphere (SH; Gu, Li, Dou, Wu, et al., 2013; Huang et al., 2013; Limpasuvan
et al., 2005; Wu et al., 1993, 1996), typically larger meridional than zonal amplitudes (Fritts & Isler, 1994;
Gu, Li, Dou, Wu, et al., 2013; Ward et al., 1996), and very large vertical wavelengths, A: > 100 km, in the
MLT (Tsuda et al., 1988). Several studies estimated the Eliassen-Palm (EP) fluxes that were able to be
computed with available data (France et al., 2018; Fritts et al., 1999; Lieberman, 1999).

Westward modes with zonal wavenumbers 2 and 4 (W2 and W4) and eastward modes E1 and E2, with the
graver modes having longer periods, were inferred by multiple authors (Ern et al., 2013; Gu, Li, Dou, W,
etal., 2013; Limpasuvan & Wu, 2009; Malinga & Ruohoniemi, 2007; Meek et al., 1996; Merzlyakov et al.,
2004; Pancheva et al., 2004; Riggin et al., 2004; Thayaparan et al., 1997; Tunbridge et al., 2011). Others
suggested that E2 can comprise the major response in the winter MLT (Pancheva et al., 2018; Sandford
et al., 2008; Xian et al., 2013) and a potential for Q2DW penetration to much higher altitudes (Moudden
& Forbes, 2014; Ward et al., 1996).

Additional studies provided evidence of interactions of the Q2DW with tides and gravity waves (GWs), and a
potential for these interactions to have influences at higher altitudes and latitudes (Forbes & Moudden,
2012; Gu, Li, Dou, Wang, et al., 2013; Hecht et al., 2010; Jacobi et al., 2006; Lieberman et al., 2017;
McCormack et al., 2010; Nguyen et al., 2016; Palo et al., 2007; Pancheva, 2006). More recently, France
et al. (2018) showed that the 2014 Q2DW Northern Hemisphere (NH) event was likely responsible for an
anomalous decline in NH polar mesospheric clouds (PMCs) during that summer season. Importantly, how-
ever, there have been no studies to date that attempted to provide broad hemispheric definition of a signifi-
cant Q2DW event using both satellite and extensive ground-based measurements and an intercomparison of
these observations to assess the ability to quantify the Q2DW fields, the Q2DW modes contributing most to
its structure and variability, and its interactions with the large-scale flow.

In this paper, we use both radar wind measurements and Aura Microwave Limb Sounder (MLS) tempera-
ture and geopotential height measurements and inferred horizontal winds to quantify the structure and
evolution of the SH Q2DW event occurring in January 2015. Computed quantities include the Q2DW
modal composition and amplitudes, its spatial and temporal variations, and its EP fluxes and divergence.
Our data acquisition and analysis procedures and the balance equation enabling computation of winds
and EP fluxes are described in section 2. Section 3 describes our analyses of the radar and MLS data, respec-
tively. We discuss our results relative to previous Q2DW studies in section 4. Our conclusions are provided
in section 5.

2. Data Acquisition and Analysis

2.1. Meteor and Medium-Frequency Radars

One component of our Q2DW analysis was performed using meteor radar winds at Cachoeira Paulista (23°S,
45°W;hereafter CP), Adelaide (35°S, 138°E), Kingston (43°S, 144°E), Tierradel Fuego (54°S, 68°W; hereafter
TdF), and Rothera (68°S, 68°W), and medium-frequency (MF) radar winds at Rothera, Davis (68°S, 78°E),
Syowa (69°S, 40°E), and Halley (76°S, 25°W); see Figure 1. To assess the consistency between meteor and
MF radars, we compare Q2DW amplitude and phase assessments using the two radars at Rothera. Our radar
data analysis included the following steps:
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Figure 1. Locations of meteor and medium-frequency radars employed for this study. Circles denote meteor radars, diamonds denote medium-frequency radars,

and Rothera has both types.

1. Hourly horizontal wind estimates were performed where at least five radial wind estimates were
available in 2-km altitude bins at Adelaide, Kingston, Rothera (MF), Davis, Syowa, and Halley and in
3-km bins at CP, TdF, and Rothera (meteor);

2. Missing hourly winds at each altitude were interpolated with 3 degrees of freedom for intervals less than
12 hr; intervals between 12 and 48 hr were fitted with a linear trend and components having periods of 8,
12, 24, and 48 hr consistent with adjacent radar data in order to enable S-transform and band-pass
analyses using continuous data;

3. A band-pass filter from 42 to 54 hrs centered on the expected W3 period of 48 hr, and including the
periods of other prominent Q2DW modes, was applied to the resulting hourly-mean radar winds from
December 2014 to February 2015;

4. As in previous planetary wave (PW) studies using MLT radar winds (Fritts et al., 2012; limura et al.,
2015), the S-transform (Stockwell et al., 1996) was used to assess the event periods and durations using
a Gaussian 10-day full-width/half-maximum window; however, intervals of missing data longer than
12 hr were left blank in the relevant figures;

5. the S-transforms were used to infer the optimal Q2DW period and amplitude fit at each altitude for
comparisons with MLS inferred winds at the radar sites, and

6. local Q2DW amplitudes and phases at each altitude were estimated by least squares fits to sinusoids with
periods having the maximum amplitudes in the S-transform spectra.

S-transform Q2DW amplitudes were compared with those from the band-passed hourly time series and seen
to exhibit maximum differences of ~10%. Radar amplitudes were also averaged using a 10-day sliding
window for comparisons with those inferred from MLS measurements.

2.2. Aura MLS

NASA's Earth Observing System Aura satellite was launched on 15 July 2004 into a Sun-synchronous orbit at
an altitude of 705 km. Aura performs nearly 15 orbits per day, crossing the equator at 13:30 LT (01:30 LT) on
ascending (descending) northward (southward) passes. MLS began providing data on 13 August 2004. It
measures atmospheric temperature and chemical constituents at pressures from 1,000 to 10-> hPa
(Waters et al., 20006) from 82°N and 82°S on every orbit. Geopotential height is computed from integration
of the hydrostatic equation (Schwartz et al., 2008).

Aura/MLS geopotential height data were collected in bins of 24° in longitude, 5° in latitude from 30°S to
80°S, and 12-hr universal time (UT) at eight pressure levels from 0.05 to 2 x 10-* hPa. The levels employed
for our studies here correspond to altitudes of ~70, 76, 81, 86, 91, 97, 103, and 107 km. These data enabled
running 10-day least squares fits to sinusoids with zonal wavenumbers, s = -2 to +3, for a 1-day period
(except the migrating diurnal tide, DW1), s = -4 to +2 for a 2-day period, s = -2 to +1 for a 4-day period,
and s = -1 for 5- and 10-day periods, where negative s indicates westward propagation. The
Sun-synchronous Aura orbit implies that the migrating diurnal and semidiurnal tides (DW1 and SW2) pro-
ject to the daily zonal mean and therefore do not alias to the Q2DW or other large-scale motion fields.
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Temporal variability in the tidal and larger-scale PW fields may nevertheless alias to apparent Q2DW modes,
where their amplitudes are significant. The implications of this possibility for our study are discussed below.

Given the largely absent migrating tide aliasing, we expected the 2-day period fits to yield good amplitude
and phase estimates for the various Q2DW modes. Furthermore, aliasing tests showed that Q2DW W3
amplitudes changed by only ~10% by including the s =+3 modes for other periods. Thus, we excluded E3
forthe Q2DW and s ==3 for the 4-, 5-, and 10-day periods from the fittings, under the assumption that these
modes had negligible impacts on the Q2DW fits.

Amplitudes and phases of Q2DW modes in the zonal and meridional winds were estimated from Q2DW geo-
potential height amplitudes and phases obtained from the above fittings for each Q2DW mode using the
zonal and meridional momentum equations (Hitchman et al., 1987)

Ou'=0t b UoBdu'=0Ab=0a cos¢P—f v’ Va —00D'=0AP=0a cos¢pP (1)

dv'=3t b Uodv'=dAb=0a cosgb P f,u’ Vs —000'=d¢b=a )

To enable these estimates, zonal mean zonal winds were estimated from zonal mean geopotential heights,
assuming gradient wind balance (Hitchman & Leovy, 1987; Hitchman et al., 1987). A scale analysis of the
meridional momentum equation (Nguyen, 2016) yields the relation

Uolf p Uodtang=ab] Va —0d'=0y 3)
Assuming approximate hydrostatic equilibrium (Nguyen, 2016) then yields the following
Uy Ve —01=/D00 =dybk1 —01=P3dD'=dyP=02Q a cos¢p]”" )

Here and below, Uo is zonal mean zonal wind; (u’,v",w’), @', and 7" are perturbation velocities, geopotential
height, and temperature; ¢ and A are latitude and longitude; a is Earth's radius, Q = 2rt day~!; N and w; are
buoyancy and intrinsic frequencies; and fi and f> are defined as

f1 a2Q sing—1d0Uo cos¢pP=0¢]=0a cos¢p ©)

1> Va2 sing p 2Uo tangp=a (6)

The tendencies in equations (1) and (2) were assessed using 1-hr differences of the total fields.

Nguyen (2016) validated Q2DW winds computed via equations (1)—(4) using pseudo-data from the NCAR
Whole Atmosphere Community Climate Model (WACCM) at 86 km. Agreement between WACCM and
Q2DW winds derived from equations (1)—(4) was excellent poleward of 30°. Following Hitchman et al.
(1987), Nguyen introduced a frictional term to remove singularities near latitudes where the Q2DW
frequency approaches the zonal mean absolute vorticity. In practice, this adjustment was required in the
vicinity of 20°N and 20°S. Sharp latitudinal gradients in the wind amplitude were observed at low latitudes,
implying that singular solutions do affect the wind estimates. However, the radar sites discussed in this
paper are situated well poleward of the Q2DW singular latitudes.

Finally, it should be noted that GW drag on planetary-scale MLT winds will affect the momentum balance
described in equations (1)—(4); see Smith (1996), Meyer (1999), and Lieberman et al. (2013). Given the
good agreement with WACCM noted by Nguyen (2016), however, we do not include these effects in
equations (1)—(4).

The inferred Q2DW amplitudes and phases enabled computation of the EP fluxes (Andrews et al., 1987)
given by

F¢ Ya poa cos $ddUo=dzb<v'®'>=0000=dzP—<u'v'>] @)
R y o
F? Yapoa cos ¢ f—Ba cos ¢~ 00Uo cos pb=ddp <v''>=0000=dzb—<u'w"> ®)
FRITTS ET AL. 4
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Figure 2. (black and red) Meteor radar zonal and meridional hourly winds at Adelaide, Kingston, and TdF at 90 km throughout January 2015. Note the dominant
Q2DW at each site.

which can be assessed with MLS measurements and inferred winds (validated by meteor and MF radars),
where po, Yo, ¥, and z are mean density, mean and perturbation potential temperature, and altitude. The
Q2DW had 7%/T < 0.1 in the MLT; hence, w'~(g/N°)(T"/T)w: ~ 0.02 m/s (with gravitational constant g),
yielding <u‘w’> ~ 0.4 m/s in equation (8). GWs also contribute a mean <u‘w”™> ~ 5—10 m/s/day based on
measurements, modeling, and theory (Fritts & Alexander, 2003; Richter et al., 2010; VanZandt & Fritts,
1989), and this will be seen in section 3.5 to cause much larger EP flux divergences than the dominant
Q2DW contributions during this event, as expected given the known mean GW forcing of the cold
summer mesopause at polar latitudes.

3. Results
3.1. Radar Q2DW Winds

Hourly zonal and meridional winds computed as described above are shown in Figure 2 for the radars at
Adelaide, Kingston, and TdF spanning the Q2DW event at southern latitudes in January 2015. These plots
reveal that the dominant contributor to zonal and meridional winds from ~5 to 25 January at each site
was the Q2DW. Also seen are sporadic bursts of apparent diurnal and semidiurnal tide responses and inertia
GWs at higher frequencies, but the amplitudes of these other motions are in almost all cases smaller than
those of the Q2DW. There is also no evidence of longer-periods PWs during this interval nor in an
S-transform including these PW periods.

Figure 3 compares 2-day and 10-day mean Q2DW amplitudes and phases obtained with the meteor radars at
Kingston and TdF, and with the meteor and MF radars at Rothera, throughout the January 2015 event. The
comparisons employ the radar winds at the altitudes nearest the MLS altitude of 91 km, as radar and MLS
winds will be intercompared below. 10-day mean radar winds are shown because a 10-day mean is required
to enable full determination of the Q2DW using asynoptic sampling by MLS. Fits at Rothera are provided for
both the meteor and MF radars in order to compare the measurements between the two radar types.
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Figure 3. Meteor radar zonal and meridional Q2DW winds (solid and dashed) at Kingston, TdF, and Rothera at 90 km using 2-day and 10-day (full-width/half-
maximum) sliding Gaussian fits (including both radars at Rothera). Black (red) lines denote 2-day (10-day) fits.

The two averaging intervals are seen to yield close agreement in amplitude and phase where amplitude
growth and/or decay are sustained over multiple Q2DW cycles (e.g., growth and decay over TdF and the
growth phase over Rothera seen by the meteor radar). Differences arise, as expected, near transient maxima
(e.g., the narrow maxima at Kingston and slightly later maxima at Rothera).

Comparing the Q2DW responses obtained with the meteor and MF radars at Rothera (note the different
scales in the lower two panels), we see similar phases and amplitudes prior to 10 January and after
22 January but smaller amplitudes with the MF radar between these dates, especially in the meridional
component. A possible cause for these differences is the asymmetric receiver system for the MF radar, which
is somewhat elongated in the N-S direction. We believe the meteor radar measurements to be more reliable

in cases where there are clear differences.

Q2DW responses at these sites exhibit both similarities and differences. The largest amplitudes, and the
largest differences between zonal and meridional components, occurred at Kingston, where 2-day means
were ~35 and 55 m/s at the event peak. By comparison, peak Q2DW zonal and meridional winds at TdF were
~35 and 43 m/s at the same time.

The largest Q2DW winds on 1 January near the event onset occurred at TdF and approached 20 m/s in both
components. Meridional amplitudes at Kingston overtook those at TdF on ~10 January, but zonal ampli-
tudes at Kingston only became comparable to those at TdF on ~17 January, due to the larger component
wind differences throughout the event at Kingston. Following the peak amplitudes on ~17 January, the
Kingston wind components also decayed more rapidly. As at TdF, zonal Q2DW winds at Rothera were
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comparable to or smaller than meridional winds. Additionally, peak zonal Q2DW winds at Rothera were
roughly half (or less) than those at Kingston and TdF. The evolutions of the Q2DW EP fluxes and zonal mean
wind over this interval are described in section 4 below.

We employed the S-transform (Stockwell et al., 1996) to assess the dominant periods using measurements at
90 km. We also used a 42- to 54-hr band-pass filter to define Q2DW u’ and v* amplitudes for each radar
throughout the event from 84 to 93 km. The radars typically measure winds from ~80 to 100 km, but reduced
meteor counts at the lowest and highest altitudes caused wind estimates to be more uncertain. Hence, we
focus on the central, more confident wind estimates here. S-transform results are shown for all nine radars
in Figure 4. Q2DW u’ and v’ amplitudes are shown in Figure 5, except for the Rothera MF radar, where the
two radars yielded very similar results, and for Halley, due to absence of data during the strongest response.

Referring to Figure 4, we see that S-transform periods were variable at all sites. Those at Kingston increased
from ~43 to 48 hr from ~8 to 17 January and decreased thereafter. Those at TdF generally increased from ~45
to 52 hr in both components from ~5 to 21 January. Available data at Adelaide were consistent with
meridional observations at Kingston, where amplitudes were comparable, but inferred zonal periods were
shorter where the zonal amplitudes were much smaller. Dominant periods were somewhat longer at CP
than at higher latitudes, but this is not surprising, given that the CP response lacked coherence between
u’ and v and appeared to be largely uncoupled to those at higher latitudes. Inferred periods at Rothera
and higher latitudes were largely consistent with those seen at Kingston and TdF. This suggests that
common dominant Q2DW modes defined the best fit periods from ~35°S to 76°S throughout this event,
despite temporal amplitude variations due to varying mode phase speeds and superpositions. They also
suggest a dominance of the middle- and high-latitude responses at the earlier times by the graver zonal
wavenumbers, s = 0, 1, and £2. This will be explored more fully in the discussion of MLS results below.

Figure 5 reveals that Q2DW amplitudes generally increased with altitude or achieved their maxima in this
altitude range. The exceptions were u” at Adelaide at early times and at Kingston, both of which were larger
at lower altitudes. We also note the general agreement of the times of peak amplitudes from 35° to 69°S
(roughly centered in January), despite their very different measurement longitudes in several cases. The
exceptions to this were (1) the much earlier #’ maxima at CP and Adelaide and (2) the later v maximum at CP.

Figure 5 also reveals that u” maxima at CP and Adelaide of ~25 m/s in middle to late January were
significantly weaker than at Kingston and TdF, though they were nearly coincident in time. In contrast, v’
amplitudes at CP and Adelaide were later or larger, respectively, than at either Kingston or TdF, which were
u’ ~55 and 45 m/s. Q2DW zonal and meridional amplitudes at higher latitudes were more closely correlated
in time but were smaller than the maxima at middle latitudes by 50% or more. The clear differences in
Q2DW response intervals at CP and Adelaide relative to those at middle and high latitudes suggest that
the early response at both sites, and potentially the major CP response in v’, was not related to the primary
SH event.

We now examine Q2DW phase variations and coherence among six sites at longitudes extending from
Rothera and TdF eastward to Kingston (68°W to 144°E or 630° of W3). Figure 6 shows zonal and meridional
(left and right columns) phase variations with longitude and altitude (top and bottom rows), respectively,
following the method employed by Pancheva et al. (2004). Mean phases were determined using a band-pass
filter of 4650 hr from 15 to 25 January 2015. Best fit phase variations of ~650° in each component at 90 km in
the upper panels reveal descending phase with increasing longitude and imply primarily westward propaga-
tion and close agreement with the 636° expected for a W3 phase structure over this range of longitudes.

Phase variations with altitude at these sites (Figure 6, lower panels) reveal large vertical wavelengths and
confirm that #” leads v’ by 10—12 hr at intermediate and higher altitudes, consistent with the upper panels.
Phase progression is downward at Adelaide and Kingston and is more rapid downward at TdF but is less well
defined or reversed at the three Antarctic sites. Specifically, all sites poleward of Kingston have one or both
Q2DW wind components exhibiting near-vertical or apparent ascending phase in time at some altitudes.
These include Rothera, Syowa, and Davis in #’ and TdF, Rothera, and Davis in v". Wind component phases
from the Rothera MF radar are also shown and confirm those obtained with the Rothera meteor radar in u’
but suggest stronger upward propagation than the Rothera meteor radar in v". Finally, Adelaide suggests
overall phase descent, except between 88 and 92 km in the zonal component. Collectively, this variability
at multiple sites suggests a superposition of Q2DW modes throughout this event. Thus, we assess below
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Figure 4. Dominant S-transform periods of zonal and meridional winds determined from radar measurements by nine radars at eight sites at 90 km in January
2015.
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Figure 5. Q2DW zonal and meridional wind amplitudes (left and right columns) in January 2015 as a function of altitude from radar measurements at seven sites,

top to bottom.
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Figure 6. Mean Q2DW phases (top row) with longitude at 90 km and (bottom row) with altitude from 15 to 25 January
2015 for a band-pass filter from 44 to 52 hr with zonal (meridional) phases of maximum winds at left (right column),
respectively. Color codes are Adelaide (yellow), Kingston (red), TdF (dark blue), Rothera meteor radar (black), Rothera
MF radar (grey), Syowa (light blue), and Davis (green). Dots in lower panels show altitudes of radar winds, solid lines are
least squares linear fits, and phases are shown in degrees of longitude (top row) and hours (bottom row).

the amplitudes and phase structures in space and time of the full and component Q2DW fields inferred from
balance winds.

3.2. MLS Balance Winds and Temperatures

Balance winds from 30°S to 70°S inferred from MLS ® and 7 from 20°S to 80°S at 91 km at 2-day intervals
from 4 to 26 January at 00:30 UT are shown in Figure 7 (also see Movie S1 in the supporting information).
These reveal a systematic growth and decay of the Q2DW spanning 11 cycles. The dominant Q2DW
character throughout the evolution was W3, with largely counterclockwise winds in time at most locations
and times. However, there were variations in the Q2DW structure that arose due to contributions by other
modes throughout the evolution.

Q2DW balance winds and 7" were largest at low to middle latitudes, for example, ~40-60 m/s at the latitude
of TdF; 7 maxima and minima exceeded 10 K at the latitude of Kingston, and v’ and 7” were largely
anticorrelated. Q2DW wind vectors at Kingston, TdF, and Rothera (blue arrows in Figure 7) also reveal good
agreement with MLS balance winds at these times (see further discussion below). Finally, a general, but
slow, westward drift of the W3 pattern reveals a dominant period slightly shorter than 48 hr (see the counter-
clockwise rotations of the balance winds and 7” from 8 to 22 January).

Departures of the full field from a W3 structure are seen at lower and higher latitudes. Those at lower lati-
tudes suggesting advances of the phase structure at a zonal wavenumber other than W3 may not have been
a part of this SH event (e.g., see the CP zonal and meridional wind maxima at earlier and later times, respec-
tively) but were instead contributed by cross-equatorial influences from a NH response. At middle latitudes,
W3 becomes prominent only slowly, by ~12 January, while other modes clearly contribute throughout; see
especially the significant departures from a W3 response at large amplitudes beginning ~16 January. We also
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Figure 7. MLS balance winds and temperatures at 91 km at 00:30 UT from 4 to 26 January at intervals of 2 days. Blue arrows in each panel show the horizontal
winds measured by the meteor radars at the same times at Kingston, TdF, and Rothera.

see that W3 is never large at high latitudes, where modes having zonal wavenumbers 1 and 2 appear to
dominate (see the discussion of individual modes below).

We explore the agreement between MLS and radar winds in greater detail using measurements over
Kingston, TdF, and Rothera (~43—-68°S) spanning 6.5 Q2DW cycles from 12 to 25 January for which radar
wind estimates were significant and nearly continuous. Because radar wind uncertainties depend on

FRITTS ET AL. 11
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Figure 8. Time series of 10-day mean Q2DW amplitudes from 12 to 25 January 2015 at 97 and 91 km (top and bottom in each panel set) at Kingston, TdF, and
Rothera (top to bottom). Solid and dashed lines indicate zonal and meridional winds, and black and red lines indicate meteor radar and MLS balance equation

winds, respectively.

meteor counts, we performed these comparisons at ~91 and 97 km, for which radar measurements yielded
confident wind estimates and MLS estimates were available. The results are shown in Figure 8. Comparisons
of radar and MLS balance winds exhibit quite good agreement in Q2DW amplitude and phase at these
altitudes at all three sites. In several cases, especially the first few cycles at Kingston, and the latter few
cycles at Rothera, radar and MLS estimates of one or both wind components are virtually
indistinguishable. Zonal winds typically led meridional winds by ~90°, indicating largely
counterclockwise rotation of the Q2DW winds with time, and meridional winds were comparable to, or
larger than, zonal winds. MLS winds at Kingston and TdF had comparable or smaller amplitudes than the
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TE30, 1716

Figure 9. MLS Q2DW winds and temperatures from 30°S to 70°S at 91 km and 12-hr intervals spanning 1.25 cycles beginning at 00:30 on 16 January. Horizontal
winds determined by meteor radars at Kingston, TdF, and Rothera are shown in blue for comparison. Note that SO was removed from the temperature fields

to avoid strong mean oscillations.

radars, by up to ~30% at most times, but with larger differences at times when radar or MLS amplitudes were
changing rapidly, for example, the earlier times at TdF and Rothera. Finally, phase differences between
radar and MLS estimates were quite small at most times, especially at times when amplitudes were nearly
constant, but larger phase differences clearly accompanied the more rapid variations.

Influences of the Q2DW modal superposition on the intraperiod evolution are illustrated with a subset of the
evolution shown in Figure 7 at a 12-hr cadence in Figure 9. These fields reveal strong variability in the full
Q2DW field due to finite mode amplitudes having differing longitudinal wavenumbers, propagation
directions, and phase speeds. Because all modes had approximately 48-hr periods, temporal differences of
48-hr yielded nearly identical images of the respective fields (e.g., first and fifth images and second and
sixth images).

Different eastward or westward propagation among modes at 12-hr intervals yielded large changes in the
locations of longitudinal maxima and minima of winds and 7” on short time scales. At all times, W3 was
dominant at lower latitudes because of its much larger amplitudes. But other modes contributed to strong
suppression and/or augmentation of the W3 responses at specific longitudes at low and middle latitudes
and dominated the Q2DW fields at high latitudes. For example, see the apparent eastward progression of
the positive 7" maximum initially at bottom at 00:30 on 17 January. Also, note the oscillating dominance
of T” at high latitudes between zonal wavenumbers 1 and 2. Finally, while Movie S1 reveals largely clockwise
rotation of the winds in the full Q2DW field, there are discrete locations at which counterclockwise
rotations, or lack of a clear rotation, dominate the total response. These occur at the lower latitudes and
are typically separated by ~60° of longitude, for example, east and west of South America, east of Africa,
and west of Australia. They also have smaller amplitudes, suggesting that these are regions where other
modes oppose W3 (see section 3.3).

FRITTS ET AL.
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Figure 10. MLS Q2DW winds and temperatures from 30°S to 70°S at 91 km at 00:30 on 17 January for each mode.

3.3. MLS Q2DW modal decomposition

MLS definition of the evolving Q2DW u’, v/, and 7* fields from middle to high latitudes also enabled
decomposition of these fields into their various eastward and westward propagating and stationary compo-
nents throughout the Q2DW evolution. This decomposition is shown at 00:30 UT at 91 km on 17 January in
Figure 10 (also see Movie S2 in supporting information, which shows all but the weak E1 mode). The
opposite phase of SO is not shown but reveals significant eastward u’ at the lowest latitudes. The modal
decompositions are also shown in Figure 11 with u’, v/, and 7" amplitudes as functions of latitude and time
averaged from 81 to 97 km and in Figure 12 with u’, v/, and 7" cross sections in latitude and altitude at 00:30
UT on 17 January.

As noted above, the full fields throughout the event were dominated by W3, which achieved u’, v/, and 7"
maxima at 91 km extending with large amplitudes to ~50°S but with amplitudes decreasing strongly pole-
ward. Peak amplitudes at 91 km were ~25 and 50 m/s and ~10 K, respectively, at 45°S and were maintained
to ~30°S in v’ and 7" (see larger color scales for W3 in Figures 11 and 12). Specific features of the various
modal contributions include the following:

1. W1 achieved u’ and v’ maxima of ~8—10 m/s at ~45°S during the growth phase of W3 and 7" maxima of
~3 K during the W3 peak;

FRITTS ET AL.
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Figure 11. MLS amplitude variations (average of 81, 86, 91, and 97 km) of all Q2DW modes W1-W4 and E2 in ', v/, and 7" with latitude and time throughout this
event. Note the different wind and 7" color scales. Lines are zonal mean zonal wind, with solid eastward and dashed westward.
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Figure 12. As in Figure 5, but for individual Q2DW mode amplitudes as functions of altitude and latitude on 17 January. The bold white line denotes U = 0 and
solid (dashed) lines show positive (negative) U at 20-m/s intervals. Color scales for each row are shown at right of the center and right panels.
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2. W2 achieved u’and v' maxima of ~6—8 m/s at 65°S and 7 maxima of ~2 K at 55°S that trailed the W3
maxima;

3. W4 had ' and v maxima of ~6—8 m/s at lower latitudes (though with significant variability) but only
very small 7’ maxima at low to high latitudes that appear uncorrelated with W3 maxima;

4. E2 achieved u’ and v' maxima of ~8—10 m/s at low and middle latitudes and 7" maxima of ~1-2 K from
middle to high latitudes accompanying the W3 peak;

5. EIl had weak and variable winds, except at ~50°S where 1’ maxima were ~6—8 m/s, and 7"~ 1-2 K
maxima somewhat stronger at lower latitudes; and

6. SO had in-phase u’ ~ 8—10 and ~2—3 m/s at 30—40°S and 70°S, with an antiphase peak of ~2—3 m/s at
middle latitudes and broad 7" peaks of ~2 K from middle to high latitudes.

These fields also indicate more clearly where different modes were or were not able to contribute to observed
Q2DW u’, v’, and T" fields; their spatial and temporal variability; and their phase variations in altitude at the
various radars. Examples include the following:

1. W3 made the major contributions to radar winds at Adelaide and poleward but was likely not
responsible for the major meridional response at CP seen in Figure 5;

2. W3 u’ and v’ roughly doubled from ~80 to 97 km, whereas 7" peaked at ~85 km;

3. Only E2 and W4 could have contributed to the strong CP meridional response late in the event,
assuming this was associated with a SH Q2DW;

4. Only E2 likely contributed to the local regions of opposite rotation of the full wind field during the peak
Q2DW response from ~16 to 20 January;

5. W1, S0, and E2 likely contributed to the variable responses in time at Kingston and TdF;

6. Only W1, W2, W3, and E2 could have contributed to the steeper phases in u” and v’ at Syowa and the
anomalous phase variations in both wind components at Davis;

7. Only W1 and E2 contributed significantly to the 7" fields at the highest latitudes;

8. W1 and E2 exhibited phase advances at low and middle latitudes when their 7” were comparable to or
exceeded those in W3 prior to ~10 January;

9. Phase advances in W3 at low latitudes, in W1 at low and high latitudes, and in E1 and E2 accompanied
the peak event from ~16 to 20 January; and

10. Phase advances persisted at high latitudes in W1, E1, and E2 for ~1 cycle thereafter.

Various evidence above indicates that most of the Q2DW responses are consistent with a multimode SH
event extending to Antarctic latitudes. However, the delayed peak v' amplitude at CP, the absence of a coin-
cident CP u’ peak, and the occurrence of clockwise wind rotations suggest an alternate explanation at low
latitudes. To explore this further, Q2DW wind hodographs from 10 to 20 January are shown in Figure 13.
These show the wind fields to have been counterclockwise at all sites where data were available, except at
CP after ~13 January, when the wind field exhibited clear clockwise rotation. The implication is that the
CP response was instead the southern extension of a NH event across the equator at these times.

3.4. Q2DW Vertical Structure at High Latitudes

Finally, we return to variations of Q2DW vertical phase structure and propagation with altitude. Figure 6
reveals downward phase progression, implied upward propagation, and inferred vertical wavelengths at
MLT altitudes of A: ~ 75—-100 km at Adelaide and Kingston, based on radar measurements of the superposed
Q2DW modes at those sites. Even larger A: ~ 150-300 km is implied at TdF, while measured phases at
Rothera suggest either very large A or evanescence. Phases at Davis and Syowa, only slightly more poleward
than Rothera, indicate phase ascent with time (apparent downward propagation) at both sites in u” and at
Davis in v’ and phase descent with time at Syowa in v’. It cannot be determined from the radar measure-
ments alone whether these results are representative of the Q2DW field as a whole or whether they are
biased by the Q2DW mode superposition, the mode variations in space and time, the period band-pass
employed for the radar data analysis, or influences of other dynamics at large scales.

To resolve these uncertainties, we also assess the vertical structure for each Q2DW mode for the interval
centered on the event peak on ~20 January at middle and high latitudes (see Figure 3). The balance wind
u’ and v’ phase and amplitude profiles for each Q2DW mode at 70°S and 0°S longitude are shown in the
top left and right panels of Figure 14 (see mode color legend in the upper left panel). These reveal that
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Figure 13. Radar Q2DW wind hodographs from 10 to 20 January at 90 km. Note the reversed rotation at CP at earlier times and larger amplitudes.

only W3, W2, and W1 have u’ or v* larger than 5 m/s. The phases for each are also nearly vertical or suggest
rapid upward phase progression in time.

Full balance wind phase and amplitude profiles at the locations of Rothera, Syowa, and Davis are compared
with the radar profiles in the lower panels of Figure 14. These necessarily comprise primarily W3, W2, and
W1. Additionally, the #” and v" magnitudes at Rothera, and for #” at Syowa, are comparable to or larger than
those for W3 plus W2 alone. These results imply approximate phase alignments in these cases. In contrast,
MLS balance wind ©” and v’ at Davis, and to a lesser extent v’ at Syowa, suggest significant cancellation
among the dominant Q2DW modes identified at these latitudes. In particular, the results at Syowa and
Davis, which are separated by only 38° in longitude, have implied amplitude differences: those at Syowa
are larger by ~2-3 times, and there are rapid, but different, implied phase progressions in the vertical with
time at the two sites.

Turning to comparisons of the MLS balance winds and radar winds at these Antarctic sites, we see reason-
ably good comparisons in amplitudes and phases at Rothera, for example, amplitude differences of ~20% and
phase differences of ~1—4 hr, that are consistent with those shown as time series at specific altitudes in
Figure 8. Agreements between balance and radar winds at Davis and Syowa are not as compelling, but
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Figure 14. MLS balance wind amplitude and phase profiles for individual Q2DW modes (' and v'at top left and right, respectively) at 70°S and as close to 0°
longitude as possible. Full Q2DW balance wind and radar wind amplitude and phase comparisons near Rothera, Syowa, and Davis (' and v’ at bottom left
and right, respectively. Q2DW mode color codes are shown in the top left panel. Radar color codes are as in Figure 5: Rothera, black; Syowa, light blue;

and Davis, green.

they do exhibit good agreement in several cases. These include (1) 4’ ~ 5—7 m/s and meridional phase at
Davis and (2) v' ~ 8-12 m/s and meridional phase at Syowa. Zonal and meridional amplitudes at Syowa
and Davis, respectively, agreed only at the highest and lowest radar altitudes. In contrast, zonal phases at
both sites differed by ~5—8 hr where radar amplitudes were small at both sites.

It is not surprising that agreement between MLS balance winds and radar winds is not uniformly good at
high southern latitudes. Amplitude and phase estimates by both methods must be less confident when

FRITTS ET AL.

19



Journal of Geophysical Research: Atmospheres 10.1029/2018JD029728

amplitudes are small, as was the case for balance wind estimates of all but W3 and W2 at the higher altitudes.
Additionally, 10-day means required to define the balance winds with asynoptic sampling surely masked
variability of all of the Q2DW modes on shorter time scales and likely led to aliasing among the various
modes contributing at these latitudes. While not a factor in our analysis, variability of other large-scale
motions, such as tides and other PWs, spanning these time scales can in general contribute to the variable
MLS fields and aliasing of inferred variances to other modes, with likely larger effects where Q2DW
amplitudes are small.

3.5. MLS EP Fluxes, Divergence, and Zonal Mean Wind Accelerations

The polar summer MLT is the region of the atmosphere having a mean structure most dramatically impacted
by systematic forcing by waves from below. GW momentum deposition drives a strong ageostrophic residual
circulation comprising a meridional circulation from the summer to the winter mesopause of ~10-20 m/s at
high summer latitudes (Nastrom et al., 1982), closure of the mesospheric jets in both hemispheres, and
strong upwelling at high summer latitudes that yields a mean 7'~ 130 K (McIntyre, 1989). GW momentum
fluxes and implied drag accounting for these influences are < u'w’>~3-10 m?/s> and Dx ~ 30-100 m/s/day
poleward of ~30° (Luo et al., 1995; Richter et al., 2010). This is the environment in which the Q2DW evolves
and with which its EP fluxes and induced mean influences at higher latitudes must be compared in under-
standing the impacts of specific events.

The component and total Q2DW fields described above enabled evaluation of the individual EP flux terms in
equations (7) and (8). Of the Q2DW fluxes, the dominant terms were < uv> in F¢ and f< v'9>/(090/dz) in
F?, each weighted by poa cosg. To examine relative EP flux contributions by the Q2DW and the GW <u'w”™>
in FZ, altitude-time cross sections of the dominant Q2DW terms are shown at 35°S, 45°S, 55°S, and 65°S in
Figure 15. Both terms are significantly larger than the other Q2DW contributions to the component fluxes.

Q2DW contributions to £¢ (Figure 15, left panels) achieve maxima decreasing from ~250 m?/s? at 35°S to
~80 m?/s? at 65°S. These exhibit earlier maxima at lower latitudes that can only have been contributed by
the W3, W1, and E2 modes (see Figures 11 and 12 and the discussion in section 3.3). Q2DW contributions
to F7 (Figure 15, right panels) achieve maxima of ~2-3 m?/s? at 35-45°S and decreasing magnitudes at higher
latitudes. The maxima in these fields occur from ~17 to 20 January and are coincident with those in F¢ at
from 45°S to 65°S.

These vertical Q2DW EP fluxes, FZ, are somewhat smaller than the limited ground-based measurements of
GW <u'w’>~ 3-10 m?/s? or larger at comparable northern and southern latitudes (de Wit et al., 2017; Fritts
& Yuan, 1989; Placke etal., 2011, 2015; Wang & Fritts, 1990). If the GW and Q2DW vertical EP fluxes have
roughly comparable vertical gradients, as suggested by the observations and modeling cited above, they
would imply somewhat smaller Q2DW influences on their environment at these times. The relative contri-
butions of F¢ and F~ to Q2DW EP flux divergence and their implications for the Q2DW environment are
described below.

EP flux vectors and the divergence of EP flux per unit mass (zonal acceleration) were computed from the
observed and inferred MLS fields employing equations (7) and (8) and 10-day asynoptic sampling separately
for each Q2DW mode. These fields are shown in Figure 16 centered on 12, 17, and 22 January in order to
illustrate their evolution spanning the peak of the Q2DW event. A movie of these fields at higher temporal
resolution is provided for reference (see Movie S3 in the supporting information). Q2DW EP flux vectors
were normalized as described by Lieberman (1999, 2002). The dominant contributions for W3 and the full
field were the horizontal momentum fluxes, -< u’v*>, in equation (7) and the Coriolis term in equation
(8). The first term at right in equation (7) nevertheless made a somewhat weaker opposing contribution cen-
tered at ~86 km near the event peak in time. Note that the color scale and the EP flux vector maxima are 5
times larger for W3 than for all other modes.

Considering first the dominant W3 fields, we see a large region of eastward accelerations centered at ~75- to
85-km altitudes and ~40-50°S latitudes spanning this interval, with the larger accelerations at the two earlier
times. A corresponding large region of deceleration is seen on 12 January extending from ~80 to 85 km to
above 107 km and from ~30°S to 55°S, with the major decelerations confined to the higher altitudes and
lower latitudes but a weaker, secondary maximum centered at ~95 km and ~50°S. The region of stronger
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Figure 15. Altitude-time cross sections of Q2DW (left and right) < u’v> in F® and /< v'9>/(89¢/dz) in F* at (top to bottom) 35°S, 45°S, 55°S, and 65°S. Note the

different color scales in each panel.

deceleration intensified and shifted to lower latitudes at later times, while the weaker region remained simi-
lar at 17 January and weakened thereafter.

The EP flux vectors exhibit increasing (decreasing) upward fluxes below (above) ~90 km at each time but
shifting from southward on 12 and 17 January during the event intensification to northward on 22
January. The horizontal vector orientations on 12 and 17 January are also consistent with the Q2DW radar
wind hodographs at Kingston and TdF at these times. Finally, the overall accelerations (decelerations) below
(above) ~90 km act to reduce dU/dz, suggesting a largely baroclinic source of the Q2DW at these times.

Other Q2DW modes also exhibited coherent responses, EP fluxes, and implied accelerations accompanying
the W3 response at these times, though with generally smaller influences on the zonal flow. The most pro-
minent and consistent of these were by W2, W1, and E2. The W1 response most closely paralleled W3 in its
occurrence in latitude and time, with similar EP flux and acceleration spatial patterns at middle latitudes at
the earlier times, and at lower altitudes extending throughout the event. The similar initial evolutions sug-
gest common source dynamics for the W1 and W3 modes.

W2 exhibited major responses poleward of the W3 response that began at higher altitudes, shifted to lower
altitudes and increased throughout this interval, and were strongest as W3 was weakening. E2 exhibited
responses similar to, but also poleward of, W3 at lower altitudes and largely opposite to those of W3 at lower
latitudes and higher altitudes. Stronger EP flux modulation in latitude for E2 than seen for the other modes
yielded more strongly modulated mean zonal accelerations as well. The differences in the W2 and E2
responses relative to W3 suggest different, higher-latitude SH source conditions than for W3 but potentially
common sources for these modes.
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Figure 16. As in Figure 11 but for zonal tendencies implied by EP flux convergence for 10-day fits centered on 12, 17, and 22 January. Shown at the bottom are the
cumulative fields including all Q2DW modes. Vectors show total EP fluxes, with horizontal and vertical length scales of 3 m*-s>-degree™! and 0.027 m?-s2-km!,
respectively.
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Both E2 and W2 also exhibited strong responses in «#” and v’ at lower latitudes at middle and higher altitudes
throughout the event, but these were suggested above to accompany a NH event, given the opposite rotation
of the wind field at these later times. By comparison with the modes discussed above, E1, SO, and W4 had
weak wind responses except at higher altitudes and lower latitudes, and all other responses were small in
comparison to W3.

Finally, we evaluated the contributions of W3 and the full Q2DW to EP flux divergences near the mesopause
at high latitudes on 12, 17, and 22 January. Horizontal divergences of F¢ were somewhat larger than vertical
divergences of F* for W3, but the other modes significantly enhanced the divergence of F? relative to F=.

3.6. Evolutions of Mean U, V, T, and ® Fields

Q2DW EP flux divergence at early and middle stages of the evolution (lower left and middle panels of
Figure 16) imply a weakening of dU/dz from ~80 to 100 km at latitudes of ~40-55°, consistent with a
primarily baroclinic instability source of the Q2DW event. At these same times, negative EP flux divergence
at ~80—90 km and ~60-70° latitudes implies increasing westward U at these locations. These zonal wind
tendencies opposed the expected GW forcing attributed with closing the mesospheric jet and suggest a
weakening of the residual circulation balancing the ageostrophic zonal mean motion. Also, note that the
higher-latitude forcing was due primarily to W3 but that E2, and to lesser degrees W1 and W2, also
contributed to these responses. Together, these amounted to westward forcing of ~5 and 10 m/s/day on 12
and 17 January and weakening by 22 January.

To explore the consequences of EP flux divergence further, zonal mean wind tendencies computed from
radar and MLS measurements at latitudes from ~45°S to 70°S are shown from 5 to 25 January at left and
right, respectively, from top to bottom in Figure 17. Radar wind estimates employed a low-pass filter with
a 6-day cutoff; MLS winds employed 10-day asynoptic sampling.

These fields exhibit quite good, perhaps even surprising, agreement overall, given the spatial and temporal
variability of the individual Q2DW modes throughout this event and the very different local and global
assessments of these fields. Both reveal much weaker dU/d¢ than implied by EP flux divergence and suggest
instead a significant impact on the mean meridional circulation " and associated T.

MLS measurements of mean 7 from 81 to 96 km at 55°S, 65°S, 70°S, and 75°S are shown from 1 December
2014 to 28 February 2015 in the upper four panels of Figure 18 (note the decreasing color scales with increas-
ing latitudes). The maximum mean 7 on 17 January at 81 km and 55°S, 65°S, 70°S, and 75°S were 177, 166,
163, and 159 K, respectively, thus ~5 and 10 K warmer than ~10 days earlier and later. The implications of
these fields are that the Q2DW EP flux divergence seen at high latitudes and ~80-90 km in Figure 16 induced
westward zonal mean accelerations that were responsible for a transient weakening of the high-latitude
residual circulation, a reduction in the adiabatic cooling accompanying upwelling, and a corresponding
increase in the mean 7 at these altitudes and latitudes in response to transient Q2DW forcing. For reference,
this transient mean 7 maximum is within a broader summer minimum and PMC maximum typically
centered ~10 days earlier. The rapid rise in MLS 7(z) beginning 20 days later is consistent with previous
observations of these dynamics during SH and NH polar summer and modeling of the relevant dynamical
and radiative influences (France et al., 2018; Liibken et al., 2004; Luo et al., 1995). Finally, we note that
the Q2DW westward forcing during this event was roughly 10% of the expected GW forcing accounting
for the cold summer mesopause and that the induced changes in 7 by the Q2DW appears to have been
roughly proportional to that due to the mean GW forcing.

4. Discussion

Our analysis of the SH January 2015 Q2DW event using both radar and MLS measurements has confirmed a
number of previous findings and yielded several new results. The dominant Q2DW period was ~46 hr during
the major response, u#” and v’ amplitudes were as large as 35 and 55 m/s, respectively, and 7" achieved a max-
imum of ~12 K. These amplitudes were comparable to or somewhat weaker than previous SH Q2DW events.
Specifically, they were weaker than those in 2011, 2012, and 2014 based on radar measurements at TdF (not
shown), which likewise exhibited transient PMC reductions (C. Randall, personal communication, 2018).
Our joint radar and MLS analysis also revealed W3 to be the dominant mode but with additional responses
in W1, W2, W4, S0, E1, and E2, several of which were previously identified by various authors (Limpasuvan
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Figure 17. Zonal mean wind tendencies computed at radar sites from 6-day low-passed radar winds (left column) and for the 10-day mean contributions from MLS
balance wind estimates (right column) from 45°S to 70°S.

& Wu, 2009; Meek et al., 1996; Merzlyakov et al., 2004; Morris et al., 2009; Pancheva et al., 2004; Sandford
et al., 2008; Tunbridge et al., 2011). In the January 2015 event, W3 had «’, v/, and 7’ amplitudes ~3-10
times larger than all other modes of which E2 had the largest amplitudes.

A number of previous studies addressed the generation of the Q2DW E2 component via the nonlinear inter-
action of the Q2DW W3 mode and DW1 (Forbes & Moudden, 2012; Lieberman et al., 2017; McCormack
etal., 2010; Moudden & Forbes, 2014; Nguyen et al., 2016). Our results provide additional evidence of this
expected Q2DW E2 source, given the coincidence of the W3 and E2 responses in time, the simultaneous
occurrence of a large-amplitude DW1 at MLT altitudes (see the lower panels of Figure 18), and the apparent
larger E2 responses than in other modes except W3 (especially in 7”) at altitudes above ~80 km and higher
latitudes, as inferred from SABER observations by Nguyen et al. (2016) for the January 2006 event.

France et al. (2018) examined the roles of interhemispheric coupling and Q2DW responses in the 2014 NH
summer. They argued that the local Q2DW response played the major role and demonstrated a transient
warming and PMC reduction that were strongly correlated and very similar to the responses seen in
our study.
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Figure 18. MLS mean 7(z,7) from 81 to 96 km and 1 December to

28 February 2018 at 55°S, 65°S, 70°S, and 75°S (top four panels, also note
different color scales for each). Lower two panels show the diurnal tide zonal
and meridional amplitudes from the Kingston meteor radar for the same
period. Note the coincidence of the diurnal tide with the Q2DW E2 mode
centered at ~15-20 January in Figure 10.

Additional results of our analyses not addressed in previous studies
include the following:

1. Weaker responses having shorter periods at earlier times at middle to
higher latitudes,

2. Close agreement of radar and inferred balance equation winds using
MLS in the MLT,

3. An implication of credible/verified Q2DW mean flow responses from
averaged MLS data,

4. Quantified individual Q2DW modes and their EP fluxes, including SO
not previously identified in other analyses,

5. W1 and SO maxima accompanying increasing W3 amplitudes,

6. W2 and W4 maxima accompanying decreasing W3 amplitudes, and

7. An E1 maximum accompanying the W3 maximum.

We have no explanation at present for the shorter periods and initial W1
and SO responses at earlier times, nor for the delayed responses of W2 and
W4 relative to the W3 peak response. The timing and mix of the various
Q2DW modes could be dictated by longitudinal variability of the expected
baroclinic instability source strength. But this cannot be inferred from
these data, and modeling of such sources may be required to explain these
or similar observations. However, the close agreement between the radar
and MLS definitions of the Q2DW wind amplitudes and phases through-
out this event suggests that we can have some confidence in the modal
decomposition, their spatial and temporal variability, and their EP fluxes
and divergence. In particular, our analysis appears to provide the first
evidence of the Q2DW S0 mode and its contributions to the EP fluxes
and mean flow forcing.

EP flux divergence by the full Q2DW and individually by W3 suggests a
largely baroclinic source at midlatitudes during the growth phase of this
event (see Figure 16 at 12 and 17 January). This, the weakening of the
residual circulation near the polar mesopause, and the accompanying
transient warming during the strongest response are again consistent
with the findings of France et al. (2018) for the July—August 2014 NH
Q2DW event and with the simple numerical model of Lieberman (1999)
employed in that study. Our results likewise coincided with a strong
transient PMC reduction at SH polar latitudes during January 2015
(C. Randall, personal communication, 2018).

5. Summary and Conclusions

We have performed an analysis of the January 2015 SH Q2DW event using
MLT radar winds from ~23°S to 76°S and MLS temperature and
geopotential height measurements from ~30°S to 75°S. Balance winds
including the tendency terms were obtained using the asynoptic sampling
method for running 10-day intervals. The full balance wind response was
found to agree well with radar winds determined for running 10-day
intervals at midlatitudes where amplitudes were large. This agreement
suggested confidence in the balance winds of individual Q2DW modes
and their EP fluxes and divergence.

Our assessment of the Q2DW modes revealed the expected dominance of
the full response by the W3 mode, with measureable amplitudes in west-
ward modes W1, W2, and W4, eastward modes E1 and E2, and the first
inference of a stationary Q2DW response, SO. Of these secondary modes,
E2 and SO contributed most at midlatitudes, whereas E2 and W1
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enhanced the forcing by W3 at lower altitudes and higher latitudes. The consequences were a suppressed
residual mean circulation, increased mean temperature and geopotential height, and reduced intensities
of PMCs in the upper mesosphere accompanying this event. Finally, our results support the conclusions
of earlier studies that E2 arises from the nonlinear interaction of the dominant W3 mode and DW1, given
the coincidence of E2 with W3 and a strong DW1 at midlatitudes as the event develops.
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