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Large-Amplitude Quasi-10-Day Waves in the Middle
Atmosphere During Final Warmings

Y. Yamazaki''® and V. Matthias?

LGFZ German Research Centre for Geosciences, Potsdam, Germany, 2potsdam Institute for Climate Impact Research,
Potsdam, Germany

Abstract Geopotential height measurements from the Aura Microwave Limb Sounder between 9- and
97-km altitudes during 2004-2018 are used to examine long-period (3-20 days) wave activity during the
Northern Hemisphere winter and spring, with the primary focus on the response of normal mode Rossby
waves in the middle atmosphere to sudden stratospheric warmings (SSWs). Unusually large westward
propagating waves with Zonal Wave Number 1 and period ~10 days are observed at 55° latitude at the
stratopause height (~48 km) and above following final warmings of 2016, 2015, and 2005. In each case,
large-amplitude waves are observed for the duration of two to three wave cycles. Characteristics of the
waves are in conformity with the second antisymmetric Rossby normal mode of Zonal Wave Number 1, or
the quasi-10-day wave. The growth rate of the waves is significantly greater than the classical normal mode
in the upper stratosphere (approximately 30-50 km) where instability conditions are met, indicating the
amplification or excitation of the waves in that region. The response of the quasi-10-day wave during
midwinter SSWs, and also during the spring transition without an SSW, is not as obvious as the wave
response during final warmings. The results suggest that not only the occurrence of SSW but also the
seasonal timing of SSW is an important factor for the transient variability of the quasi-10-day wave in the
middle atmosphere.

1. Introduction

Classical wave theory predicts a series of normal mode (or resonant) oscillations that the Earth's atmosphere
can support (see, e.g., reviews by Forbes, 1995; Kasahara, 1976; Madden, 1979, 2007; Salby, 1984). At periods
longer than a day, oscillations of the second kind, or Rossby normal modes, can exist in the presence of the
Earth's rotation. Each mode has a specific period = and zonal wave number s, and its longitudinal and lati-
tudinal structures are given by a sinusoidal function and Hough function, respectively. Most widely known
are the oscillations with periods near 2, 5, 10, and 16 days, which are known as the 2-, 5-, 10-, and 16-day
waves, respectively. Figure 1 illustrates the latitudinal structures of these waves, as predicted by the classical
wave theory. The 2-, 5-, 10-, and 16-day waves are all westward propagating, and they are also referred to as
traveling planetary waves or Rossby waves. The zonal wave number is s = 1 for the 5-, 10-, and 16-day waves,
while the zonal wave number of the 2-day wave is mainly s = 3 (and sometimes s = 2 and s = 4). The 5-
and 16-day waves are symmetric modes, for which perturbations in the zonal wind and geopotential height
are symmetric about the equator, while the 2-day wave (s = 3) and 10-day wave are antisymmetric modes,
for which the perturbations change the sign at the equator (see Figure 1). The energy of these waves decays
with height from the surface, but the amplitude of perturbations in winds and geopotential height actually
grows in the vertical due to the density decrease.

The classical wave theory is based on the assumption of a simple dissipationless atmosphere, where the mean
fields are horizontally stratified and zonal mean winds are 0. In the presence of the dissipation and nonuni-
form background, the spectra of Rossby waves are suppressed, broadened, and shifted from the classical
behavior (Kasahara, 1980; Salby, 1980, 1981a). Nevertheless, normal-mode-like oscillations can be observed
in a realistic atmosphere around the expected oscillation periods (i.e., 2, 5, 10, 16 days) and zonal wave
numbers, as well as with horizontal structures similar to the classical normal modes, as numerically demon-
strated by Salby (1981b). In this case, however, pure resonant frequencies no longer exist, and each mode
has a range of frequencies (or periods). Because of that, the term “quasi” is often inserted before the name
of Rossby waves (i.e., quasi-2-day wave, quasi-5-day wave, etc.). Previous studies have confirmed the pres-
ence of Rossby normal modes in the middle atmosphere (15-100 km). The quasi-2-day wave and quasi-5-day
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Figure 1. Latitudinal structures of geopotential height (Z, black), zonal wind velocity (u, blue), and meridional wind
velocity (v, red) for the 2-day wave (3,0) mode, 5-day wave (1,1) mode, 10-day wave (1,2) mode, and 16-day wave (1,3)
mode. The geopotential height amplitude is normalized by the maximum value of Z, while the velocity amplitudes
are normalized by the largest value of u and v. Hough functions and velocity expansion functions are after Wang

et al. (2016).

wave are particularly well studied using ground-based radar observations (e.g., Clark et al., 2002; Gu et al.,
2013; Harris & Vincent, 1993; Jiang et al., 2008; Kishore et al., 2004; Kovalam et al., 1999; Muller & Nelson,
1978; Salby & Roper, 1980; Tsuda et al., 1988; Nozawa et al., 2003; Offermann et al., 2011; Pancheva et al,,
2008; Sandford et al., 2008 and many others) and global satellite measurements (e.g., Burks & Leovy, 1986;
Ern et al., 2013; Garcia et al., 2005; Gu et al., 2018, 2013; Forbes & Zhang, 2017; Hirota & Hirooka, 1984;
Huang et al., 2013, 2017; John & Kumar, 2016; Lieberman et al., 2003; Limpasuvan & Wu, 2003, 2009;
Limpasuvan et al., 2005; Rodgers, 1976; Rodgers & Prata, 1981; Merzlyakov et al., 2013; Moudden & Forbes,
2014; Pancheva et al., 2010, 2018a, 2018b; Riggin et al., 2006; Talaat et al., 2001; Tunbridge et al., 2011; Wu
et al., 1993, 1994, 1996). The mean period of the quasi-2-day wave in the middle atmosphere is close to
2.0 days at low latitudes as shown, for example, by Gu et al. (2013) based on long-term mesospheric wind
measurements at Hawaii. At middle and polar latitudes the period can be smaller or larger than 2 days, usu-
ally between 45 and 55 hr (e.g., McCormack et al., 2009; Nozawa et al., 2003). The period of the quasi-5-day
wave in the middle atmosphere is often longer than 5 days, and the mean period is actually close to 6 days. For
instance, Forbes and Zhang (2017) showed the mean period of the quasi-5-day wave to be 6.14 days (+0.26)
based on the temperature measurements by the Sounding of the Atmosphere using Broadband Emission
Radiometry (SABER) instrument on the Thermosphere-Ionosphere-Mesosphere Energetics and Dynamics
(TIMED) satellite during 2002-2015. Accordingly, the quasi-5-day wave is also referred to as quasi-6-day
wave. The quasi-16-day wave in the middle atmosphere has also been widely observed from the ground
(e.g., Day & Mitchell, 2010; Espy et al., 1997; Forbes et al., 1995; Jiang et al., 2005; Kingsley et al., 1978; Luo
et al., 2000, 2002; Mitchell et al., 1999; Williams & Avery, 1992) and from satellites (e.g., Day et al., 2011;
John & Kumar, 2016; Hirooka & Hirota, 1985; Luo et al., 2002; McDonald et al., 2011). According to Forbes
and Zhang (2017), the mean period of the quasi-16-day wave is 15.4 days (£0.26). The latitude and height
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structures of the quasi-2-day, quasi-6-day, and quasi-16-day waves in the middle atmosphere have been suc-
cessfully reproduced by numerical models (e.g., Chang et al., 2011; Forbes et al., 1995; Hagan et al., 1993;
Ganetal., 2016; Koval et al., 2018; Liu et al., 2004; Meyer & Forbes, 1997; Miyoshi & Hirooka, 1999; Miyoshi,
1999; Palo et al., 1998, 1999; Pedatella et al., 2012; Yue et al., 2012).

The quasi-10-day wave is the least studied among the Rossby normal modes mentioned above. Nonetheless,
the existence of the quasi-10-day wave in the middle atmosphere has been confirmed along with other waves.
Hirooka and Hirota (1985) described characteristics of the quasi-10-day and quasi-16-day waves in geopo-
tential height at 16- to 48-km altitude observed by the TIROS-N and NOAA-A satellites during 1979-1982.
Both waves revealed a tendency to be larger in the winter hemisphere than in the summer hemisphere,
with considerable irregular interannual variability. Jacobi et al. (1998) also noted the irregular nature of
the interannual variations of these waves based on mesospheric wind measurements over central Europe.
Hirooka (2000), using geopotential height measurements from the Upper Atmosphere Research Satellite,
confirmed the presence of the quasi-10-day wave up to the mesopause altitude ~81 km during selected
months in 1991 and 1992. Pancheva and Mukhtarov (2011) presented the seasonal and interannual vari-
ability of the quasi-16-day, quasi-10-day, and quasi-6-day waves at 20- to 120-km altitude during 2002-2007
using the TIMED/SABER temperature data. Forbes and Zhang (2015) examined the characteristics of the
quasi-10-day wave in temperature observed by TIMED/SABER and found general consistency with the clas-
sical Rossby normal mode (1,2). According to their study, the mean period of the quasi-10-day wave in the
middle atmosphere is 9.8 days (+0.4). John and Kumar (2016) also used TIMED/SABER temperature data
to examine the quasi-16-day, quasi-10-day, and quasi-6-day waves. It was noted that the amplitudes of the
westward and eastward propagating waves are comparable at period around = = 10 days.

Salby (1981a, 1981b) numerically examined Rossby normal modes under different atmospheric conditions.
The results of his numerical experiments indicated that the upward propagation of Rossby waves depends
strongly on the background atmosphere. It was shown that the distribution of the zonal mean flow is a
particularly important factor for the Rossby wave propagation in the middle atmosphere. Salby's results
hinted at the possibility that transient changes might occur in Rossby waves when the middle atmosphere is
disturbed such as during sudden stratospheric warming (SSW) events. SSWs are large-scale disturbances in
the middle atmosphere that take place at high latitudes, mostly in the Northern Hemisphere, during winter
(e.g., Andrews et al., 1987; Labitzke & Van Loon, 1999). During an SSW event, the polar temperature in the
stratosphere rapidly increases and the stratospheric polar jet weakens or even reverses direction. Liu et al.
(2004), using a general circulation model, studied how temporal changes in the zonal mean zonal wind affect
the propagation characteristics of the quasi-6-day wave, which in turn lead to amplification/suppression of
the wave in the middle atmosphere. Although Liu et al. (2004) focused mainly on seasonal changes, they
also predicted that the amplitude of the quasi-6-day wave in the middle atmosphere might enhance during
SSW events in late winter, when the zonal mean flow in the stratosphere and mesosphere reverses and the
middle atmosphere in the high-latitude region becomes unstable.

Possible influences of SSWs on Rossby normal modes have been addressed in many observational studies.
Hirooka and Hirota (1985) noted that the quasi-10-day wave is enhanced in the stratosphere during late
February to early March 1980, coinciding with the reversal of the stratospheric polar jet. Dowdy et al. (2004)
and Espy et al. (2005) observed a large-amplitude west propagating wave with zonal wave number s = 1 and
period r ~14 days at 70- to 100-km altitude in the high latitudes of the Southern Hemisphere during the
Antarctic SSW event of September 2002. Pancheva et al. (2008) examined long-period waves (z = 5-30 days)
in the middle atmosphere during the winter of 2003-2004. They found enhanced wave activity around peri-
ods 7 ~16 days and = ~23 days during the SSW event of January 2004. Day et al. (2011) reported that the
amplitude of the quasi-16-day wave in the Northern Hemisphere was lower during major SSW events of
2006 and 2009, compared with other undisturbed winters. Sassi et al. (2012) also attributed the reduced
quasi-16-day wave activity during the winter of 2008-2009 to the occurrence of a major SSW. Luo et al.
(2000) found no clear relationship between the quasi-16-day wave activity and SSWs in the wind data at 58-
to 105-km altitude at Saskatoon (52°N, 107°W) during 1980-1996. Matthias et al. (2012), using mesospheric
wind data from the meteor radar at Andenes (69°N, 16°E), performed a composite analysis for the wave
response to SSW events in January 2004, 2006, 2009, and 2010. They showed that amplification occurs in
the quasi-16-day and quasi-10-day waves before and after the polar vortex breakdown, respectively. Ma et al.
(2017) and Xiong et al. (2018) observed enhanced quasi-2-day wave activity in the Northern Hemisphere dur-
ing the SSW events of January 2013 and January 2017, respectively. Gu et al. (2018) ascribed enhanced s = 2
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quasi-2-day wave activity during January-February 2006 to the occurrence of a major SSW in late January.
Gong et al. (2018) observed an enhancement in the quasi-6-day wave amplitude at 80- to 100-km altitude
during the January 2013 SSW event. Pancheva et al. (2018b) reported an enhancement in the quasi-6-day
wave amplitude (not only for s = 1 but also for s = 2) during the January 2009 SSW event.

The present study examines long-period (3-20 days) waves in the middle atmosphere during
November-May, when SSWs are most commonly observed. The focus is on westward propagating waves
with zonal wave number s = 1, which includes the quasi-6-day wave, quasi-10-day wave, and quasi-16-day
wave. As described in the previous paragraph, the response of these waves to SSWs is not well understood;
meanwhile, for the response of the quasi-2-day wave to SSWs, there are dedicated studies in recent years
(e.g., Gu et al., 2016, 2018). In previous studies, it was often difficult to distinguish the response of Rossby
waves to SSWs from other transient variability of the waves. It is thus desirable to inspect as many SSW
events as possible so that the repeatability of the SSW effect can be established. In this study, long-term
(over 14 years) geopotential measurements from the Aura/Microwave Limb Sounder (MLS) are employed
to determine the wave activity under different stratospheric conditions.

2. Data and Method of Analysis

2.1. Geopotential Height

The primary data used in this study are the geopotential height measurements from the MLS on the Aura
satellite (Schwartz et al., 2008; Waters et al., 2006) during 2004-2018. Version 4.2 data (Livesey et al., 2017)
were obtained from the Goddard Earth Sciences Data and Information Services Center (Acker & Leptoukh,
2007). The Aura/MLS measurements cover the latitude range of +82° and the pressure levels from 261 (9 km)
to 0.001 hPa (97 km). The pressure levels were converted to approximate heights, and in the remainder of
this paper the results will be presented using these approximate heights.

The amplitude and phase of a wave with zonal wave number s and period r can be evaluated by the least
squares fitting of the following formula to the data:

A cos [27r<£+sz1)—¢], L

where A is the amplitude of the wave, ¢ is the universal time, 4 is the longitude, and ¢ is the phase of the
wave. Positive and negative values of s correspond to westward and eastward propagating waves, respectively.
Before performing the fitting, the mean values were subtracted from the data, separately for the ascend-
ing and descending parts of the orbit. This largely avoids aliasing from the signals of migrating solar tides,
because the Aura satellite is in a Sun-synchronous orbit and the ascending and descending parts of the orbit
are stationary to the migrating solar tides (Meek & Manson, 2009). A and ¢ were computed at a given lati-
tude, taking the measurements within +5° from that latitude. The calculation was made for the waves with
s =1 and periods 3-20 days. The data were processed on each day using time windows that are 3 times
the wave period. Similar time windows were previously used by Forbes et al. (2018) for the investigation of
waves in a similar period range.

Yamazaki (2018) estimated uncertainties in the amplitude and phase of the quasi-6-day wave at 0.001 hPa
(97 km) derived from the Aura/MLS geopotential height data. The same technique was applied here for the
uncertainty estimates of the waves with various s and r at various heights. The technique takes into account
two sources of uncertainties. One is measurement errors and the other is fitting errors. The latter is due to the
variance of the data points within the fitting window, which results from other natural variability unrelated
to the wave of interest. The 1-c uncertainties due to fitting errors can be estimated using the bootstrap
technique (i.e., iterations of random resampling). The Aura/MLS data include estimates of measurement
errors along with geopotential height values. The measurement errors depend mainly on the height; and
according to the technical report by Livesey et al. (2017), typical values are +20 m at 261-10 hPa (9-32 km),
and +25m, +45 m, +110 m, and +160 m at 1 hPa (48 km), 0.1 hPa (64 km), 0.01 hPa (81 km), and 0.001 hPa
(97 km), respectively. In each bootstrap iteration, a random value was generated for each data point from
the normal distribution that has the standard deviation of the size of the measurement error. These values
(either positive or negative) were added to the data before the fitting is performed. In this way uncertainties
due to measurement errors will propagate through the fitting formula (1). As noted by Yamazaki (2018),
the fitting errors are usually greater than the measurement errors, and hence dominating the uncertainty
estimates.
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Uncertainty Estimates in Amplitude
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Figure 2. Mean 1-¢ uncertainties in the wave amplitude. The top, middle, and bottom panels are for the westward
propagating waves with Zonal Wave Number 1 at wave period 6, 10, and 16 days, respectively. The left and right panels
are for January and March, respectively.

The mean values of the estimated 1-o uncertainties in the amplitude (including contributions from both
measurement errors and fitting errors) are presented in Figure 2 for January (left) and March (right). The
top panels are for the westward propagating wave with zonal wave number s = 1 and period = = 6 days,
while the middle and bottom panels are the same except for = = 10 days and = = 16 days, respectively. It
can be seen that the uncertainty distribution depends on the season but not strongly so on the period of the
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Figure 3. Examples of long-period (3-20 days) wave activity during the Northern Hemisphere winter and spring. (a, d) MERRA-2 meridional temperature
gradient AT=T(80-90°)—-T(60-70°) at 10 hPa and MERRA-2 zonal mean zonal wind at 60° latitude at 10 hPa. (b, €) Zonal mean of the Aura/MLS geostrophic
zonal wind at 65° latitude. (c, f) Aura/MLS geopotential height (GPH) amplitudes of westward propagating waves with Zonal Wave Number 1 for wave period

3-20 days at 55° latitude and 81-km altitude. The day of the peak polar vortex weakening (i.e., minimum u

o at 1 hPa, 48 km) is indicated by the green vertical

dashed line. The gray shaded areas in the middle and bottom panels indicate the times when there is no sufficient data. The left and right panels are for
2015-2016 and 2014-2015, respectively. MERRA-2 = Modern-Era Retrospective analysis for Research and Applications, Version 2; MLS = Microwave Limb

Sounder.

wave. Relatively large values are seen at high latitudes in the winter hemisphere at 50- to 60-km altitude,
probably reflecting large variability of the winter middle atmosphere. Day et al. (2011) also found highest
fitting errors in the winter high latitudes in their investigation of the 16-day wave based on the Aura/MLS
temperature data. As can be seen in Figure 2, the 1-¢ uncertainty in the amplitude is generally less than
50 m. This is noticeably smaller than the amplitude of the waves discussed in this paper, which is typically
in the range of 100-400 m.

2.2. Stratospheric Winds and Temperature

Daily mean values of the zonal mean zonal wind and temperature were obtained from the atmospheric
reanalysis product, namely, Modern-Era Retrospective analysis for Research and Applications, Version 2
(MERRA-2; Gelaro et al., 2017). The data were used to identify SSW events. The identification of SSW events
is based on the breakdown of the polar vortex and the reversal of the meridional temperature gradient in the
high-latitude region. The polar vortex breakdown is defined by the reversal of the zonal mean zonal wind
at 60° latitude at 10 hPa (32 km), while the meridional temperature gradient reversal is defined as the zonal
mean temperatures averaged from 80°N to 90°N at 10 hPa minus the temperatures averaged from 60°N to
70°N at 10 hPa. This is one of the most commonly used procedures for detecting major SSWs (Butler et al.,
2015), and it has been used in previous studies on the response of atmospheric waves to SSWs in the middle
atmosphere (e.g., Matthias et al., 2012; Sridharan et al., 2009). Events are called minor if the temperature
gradient reversal is observed without a reversal of the zonal mean flow at 60° latitude at 10 hPa. Also, events
are considered to be final warmings if the zonal mean flow does not change back eastward for at least 10
consecutive days before 30 April.

A major SSW rarely occurs in the Southern Hemisphere (e.g., Kriiger et al., 2005), and in fact, there was no
major Antarctic SSW event during the period of investigation. The scope of this study is, thus, limited to the
SSW events in the Northern Hemisphere.
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Figure 4. Same as Figure 3 except for 2004-2005 (a-c) and 2013-2014 (d-f).

The geostrophic winds were derived from the Aura/MLS geopotential height data using the method
described by Matthias and Ern (2018). The zonal mean of the zonal geostrophic wind, u,, is used to observe
the zonal mean state of the middle atmosphere beyond the height limit of MERRA-2 (up to 0.1 hPa, 64 km).
u, is also used to determine the central day of SSWs. More specifically, the day of “peak polar vortex weak-
ening” is defined to be when u, at 60-70° latitude at 1 hPa (48 km) reaches its minimum value during
November-April of each year. The peak polar vortex weakening at 1 hPa has been used as the central day
of SSWs in previous studies on the middle/upper atmosphere response to SSWs (e.g., Chau et al., 2015;
Siddiqui et al., 2015; Yamazaki et al., 2015; Zhang & Forbes, 2014). There is generally good agreement
between the days of peak polar vortex weakening determined by u, and by the MERRA-2 zonal wind at
1 hPa.

3. Results

Figure 3a displays the zonal mean zonal wind (black) and temperature gradient (red) at 10 hPa (32 km)
during the months November-May of 2015-2016, as derived from the MERRA-2 data. Figure 3b shows the
height structure of the zonal mean zonal wind Eg at 60-70° latitude, derived from the Aura/MLS measure-
ments, and Figure 3c shows the amplitude of westward propagating s = 1 waves at 55° latitude at 0.01 hPa
(81 km) for wave periods ranging 3-20 days. The vertical dashed lines indicate the day of the peak polar
vortex weakening, which was defined in the previous section.

As shown in Figure 3a, there is no major SSW from November 2015 to February 2016. Studies showed that
the polar vortex was unusually strong and cold during December 2015-January 2016 (e.g., Matthias et al.,
2016; Stober et al., 2017). Three minor SSW events occurred from late January to February 2016, where the
temperature gradient became positive but the zonal mean zonal wind did not fall below 0 m/s. The polar
vortex breakdown occurred in early March 2016, as indicated by a rapid decrease in the zonal mean zonal
wind below 0. The reversal of the zonal mean flow is seen to extend from the stratosphere ~30 km to the
lower thermosphere >90 km (Figure 3b). The event is categorized as a final warming, because the zonal
mean zonal wind at 60° latitude at 10 hPa (Figure 3a) did not go back to a positive value until the following
winter. As seen in Figure 3c, the polar vortex breakdown was accompanied by a sudden increase in the
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Figure 5. Same as Figure 3 except for 2005-2006 (a—c) and 2008-2009 (d-f).

amplitude of westward propagating s = 1 waves at period 7-18 days. It appears that the enhanced wave
activity occurs first for shorter-period waves then later for longer-period waves. The largest amplitude is
found at period = ~10 days.

Figures 3d and 3e reveal a series of minor warmings in January-February 2015. Toward the end of March
2015, there was a rapid decrease in the zonal mean zonal wind, accompanied by a sharp increase in the
temperature gradient to positive values. The zonal mean zonal wind at 60° latitude at 10 hPa went below 0
on 28 March 2015, signifying the reversal of the stratospheric polar jet. Although there was a brief period of
eastward zonal wind during 29 March to 2 April 2015, the reestablishment of the eastward jet did not occur
until the following winter, which makes this SSW event a final warming.

The response of westward propagating s = 1 waves during this final warming event is depicted in Figure 3f.
Similar to the March 2016 case (Figure 3c), enhanced wave activity is observed following the peak polar vor-
tex weakening at 1 hPa (48 km) on 26 March 2015. A large-amplitude wave is first seen at period = = 5-6 days,
then around = = 10 days, and later at longer periods. Relatively high wave activity at period = = 5-6 days is
visible intermittently until the end of May.

One common feature in the stratospheric dynamics during November-May of 2015-2016 (Figures 3a- 3c)
and 2014-2015 (Figures 3d- 3f) is that in both cases, there was no major “midwinter” SSW event. That
is, the zonal mean zonal wind at 60° latitude at 10 hPa stayed positive until the spring transition that was
accompanied by a final warming. Figure 4 shows two other cases where there was no reversal of the zonal
mean flow during November-February. The same parameters are presented in Figure 4 as in Figure 3 but
for 2004-2005 (left) and 2013-2014 (right).

In Figure 4a, the reversal of the zonal mean zonal wind at 10 hPa is seen on 12 March 2005, accompanied by
a temperature gradient reversal. After the peak polar vortex weakening at 1 hPa (48 km) on 15 March 2005,
the zonal mean flow returned eastward in the mesosphere at 50-80 km (Figure 4b), but in the stratosphere
(at 10 hPa, 32 km), the eastward jet did not fully recover by the end of April, which makes this event a
final warming. There was enhanced westward propagating s = 1 wave activity at 55° latitude following the
peak polar vortex weakening at 1 hPa, which is similar to the March 2016 and April 2015 cases. The largest
amplitude is seen at period r ~10 days. There is also a separate peak at period = ~5 days, which is similar to
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Figure 6. Same as Figure 3 except for 2012-2013 (a—c) and 2006-2007 (d-f).

the April 2015 case (Figure 3f). In contrast to the 2016 and 2015 cases, enhanced wave activity is first seen
for long-period waves = = 15-20 days, then later at shorter periods. The reason for this is unclear.

No major SSW event was recorded during November 2013-February 2014 (Figures 4d- 4f). The peak polar
vortex weakening on 17 March 2014 corresponds to a minor warming where the stratospheric polar jet does
not reverse westward. Relatively large waves at period z = 10-13 days are observed during 10-16 March
2014, before the peak polar vortex weakening. Also, wave activity is seen at period r = 7-9 in January 2014
(Figure 4f) without a major SSW event.

Figure 5 shows two cases, where there is a major SSW event in January. The left panels are for the winter
2005-2006, and the right panels are for the winter 2008-2009. The SSW events of January 2006 and 2009
have been documented as intense long-lasting SSWs Manney et al. (2008, 2009).

As seen in Figures 5a and 5b, the stratosphere was markedly disturbed during January 2006. The zonal wind
reversal at 10 hPa was recorded on 21 January 2006 (i.e., major warming) after a couple of minor warmings.
The peak polar vortex weakening at 1 hPa (48 km) occurred on 22 January 2006, coinciding with the peak in
the temperature gradient. Figure 5c reveals that westward propagating s = 1 waves were relatively enhanced
at period 7 ~8 days in mid-January, when the zonal mean flow was westward at 40-70 km (Figure 5b).

The spring transition occurred on 7 May 2006, as determined by the zonal mean zonal wind at 60° latitude
at 10 hPa (32 km). This is rather late compared to the other years examined above (i.e., 2016, 2015, 2005,
and 2014). Hu et al. (2014) pointed out that the spring transition generally occurs later when there is an
SSW event in the preceding winter. No distinct Rossby wave activity is seen in Figure 5c around the spring
transition of 2006.

Figures 5d and 5e depict a rapid breakdown of the stratospheric polar vortex with a sharp rise and reversal
in the temperature gradient during the January 2009 major SSW event. The peak polar vortex weakening at
1 hPa (48 km) occurred on 23 January 2009. Enhanced wave activity is seen in Figure 5f from 20 January
until early February 2009 at period = = 6-10 days. This is followed by an extended period of low wave activity
until the end of May 2009. Similar to 2006, the spring transition occurred late on 3 May 2009 with no distinct
Rossby wave activity.
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Figure 7. Same as Figure 3 except for 2007-2008 (a—c) and 2017-2018 (d-f).

Two other examples of major SSW events are given in Figure 6. The left panels are for the January 2013
SSW event and the right panels are for the February 2007 SSW event. In both cases, no clear SSW response
is detected in westward propagating s = 1 waves at 55° latitude at 81-km altitude (Figures 6¢ and 6f). The
spring transition occurred on 2 May 2013 and 10 April 2007 as a smooth process, again, without a final
warming or distinct Rossby wave activity in the mesosphere.

Figure 7 presents two more examples of major SSW events. The February 2008 SSW event, shown in the left
panels, is characterized by large oscillations in the temperature gradient (Figure 7a) and zonal mean flow at
~50 km (Figure 7b), which started around 20 January 2008. Following the peak polar vortex weakening on
23 February 2008, enhanced wave activity is observed at period v ~7 days and also at r = 11-13 days, which
continues until early March. The wave response is similar during the 2018 SSW event (Figures 7d- 7f). After
the peak polar vortex weakening on 14 February 2018, there is enhanced wave activity at period = ~7 days
and r ~11 days.

In summary, we found strong transient Rossby wave activity starting at final warmings with periods of
T ~5-20 days. Also, there is sometimes an increase in transient Rossby wave activity around midwinter
SSWs with periods of r ~5-16 days but with much smaller magnitudes compared to final warmings, and
response characteristics (e.g., peak period) vary from event to event. Results from other latitudes and heights
(not shown here) also did not reveal any consistent response to midwinter SSWs. The winters in which a
midwinter SSW occurred are coincided with a smooth spring transition and thus without a final warming
and without increased transient Rossby wave activity. In the following we will discuss the unusually strong
transient Rossby wave activity starting at final warmings in more detail.

4. Discussion

Westward propagating s = 1 waves with particularly large amplitudes are observed at 55° latitude at 81-km
altitude in March 2016, April 2015, and March 2005, following the final breakdown of the stratospheric polar
vortex. Associated disturbances are clearly visible in Figure 8, which depicts the deviation of the geopotential
height from the seasonal mean. In each case, westward propagating perturbations with oscillation period
about 10 days lasted for two to three wave cycles. This section focuses on these extraordinary events and
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Figure 8. Aura/Microwave Limb Sounder geopotential height (GPH) variations from the seasonal mean at 55° latitude and 81-km altitude. The vertical axis
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describes their characteristics in detail. The most likely candidate for the observed large-amplitude waves is
the second antisymmetric Rossby normal mode (1,2), or the quasi-10-day wave, for their zonal wave number
and wave period. For convenience, this interpretation is adopted from now on and observed waves with s =1
and r ~10 days are referred to as the quasi-10-day wave. As will be shown later, the horizontal and vertical
structures of the waves observed in March 2016, April 2015, and March 2005 are also consistent with the
quasi-10-day wave.

Figure 9 displays time series of the quasi-10-day wave amplitude at 55° latitude at 15- to 95-km altitude
(top). The amplitude is taken to be the largest value from the least squares fitting for wave periods between
8.5 and 11.5 days. Figure 9 also shows the waves with s = —1 (upper middle), s = 2 (lower middle), s = —2
(bottom) for the same period range. As stated earlier, positive and negative wave numbers signify westward
and eastward propagations, respectively. In Figure 9, the occurrence times of peak polar vortex weakening
are also indicated for winter/spring months (November-April) of each year, along with the type of the cor-
responding SSW event (major, minor, or final). The following features are seen in Figure 9: (1) the westward
propagating s = 1 wave is usually dominant but sometimes the eastward propagating s = —1 is compara-
ble or even larger; (2) the waves with Zonal Wave Number 2 are usually smaller than the waves with Zonal
Wave Number 1; and (3) the wave amplitude tends to be larger in winter than in summer regardless of wave
number. These features are in agreement with earlier studies (e.g., John & Kumar, 2016). Wave amplitudes
are sometimes comparable between s = 1 and s = —1 (e.g., December 2005) and also sometimes between
s =2 and s = —2. These wave signals are in part due to the temporal variability of stationary planeta

waves. A stationary planetary wave, A cos (27r£) cos (2zsA), can also be expressed as %‘ cos [27; (f + szlﬁ

+ % cos [27[ (f - sA)] and thus is equivalent to two oppositely propagating waves with equal amplitudes,
periods, and wave numbers.

During the final warmings of March 2016, 2015, and 2005, large-amplitude quasi-10-day waves are observed
around the stratopause height (~48 km) and above. No corresponding wave activity is found in s = -1,
s = 2, and s = —2. There is another final warming event in April 2011; however, the geopotential height
data are missing during this event. Large-amplitude quasi-10-day waves are also observed at lower heights
(40-60 km) during January 2008 and 2011. A closer inspection of the data revealed that the peak period is
7 ~12-13 days in both cases. Although there are minor SSWs during January 2008 and 2011, the link to the
wave activity was unclear and thus these events will not be further investigated here.
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Figure 9. Height versus time distributions of the amplitude of waves with period near 10 days (i.e., the maximum amplitude between = = 8.5 and 11.5 days) at
55° latitude during 2004-2018. The top and upper middle panels are for the westward and eastward propagating waves with Zonal Wave Number 1,
respectively. The lower middle and bottom panels are for the westward and eastward propagating waves with Zonal Wave Number 2, respectively. The
occurrence of the peak polar vortex weakening at 1 hPa (48 km) is indicated for each year during November-April, along with the type of the corresponding
SSW event (major, minor, or final). GPH = geopotential height.

Figure 10 shows the quasi-10-day wave amplitude at various heights during the 2016 event (left), 2015 event
(middle), and 2005 event (right). Also plotted in each panel is the corresponding climatological seasonal
cycle of the quasi-10-day wave amplitude with its standard deviation, which was derived using the data for
2005-2018 but excluding the times of large-amplitude quasi-10-day wave events, defined here as +15 days
from 12 March 2016, 4 April 2015, and 23 March 2005. Significant enhancement in the quasi-10-day wave
amplitude can be seen at the stratopause height (48 km) and above around 12 March 2016, 4 April 2015, and
23 March 2005. During these events, the amplitude of the quasi-10-day wave was ~0.4 km at the mesopause
height (81 km), which is approximately 4 times the climatological value of ~0.1 km. There is no evidence
for enhanced quasi-10-day wave activity at 32 km and below. Thus, the amplification or excitation of the
quasi-10-day wave probably occurred in the upper stratosphere, approximately 30-50 km.

Figure 11 shows the horizontal and vertical structures of the westward propagating wave with zonal wave
number s = 1 and period = = 10 days for +15 days from 12 March 2016 (left), 4 April 2015 (middle), and 23
March 2005 (right). The amplitude and phase were calculated at wave period of exactly 10.0 days, so that
the phases derived at different heights and latitudes can be compared. It may be noted in Figures 11a- 11c
that the amplitude structures are similar for the March 2016 event and March 2005 event. That is, in both
cases the amplitude peaks at 55-60° latitude at 65- to 70-km altitude in the Northern Hemisphere, and the
amplitude in the Southern Hemisphere is mostly below 0.1 km. For the April 2015 event, on the other hand,
the amplitude distribution is more symmetric about the equator, and there are amplitude maxima around
+55° latitude. Also, the amplitude peak in the Northern Hemisphere is seen at a higher altitude ~81 km
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represent its standard deviation.

compared with the March 2016 and March 2005 events. Nevertheless, the overall latitudinal structures of
the amplitude presented in Figures 11a- 11c are consistent with the Rossby normal mode (1,2), which has
the amplitude maxima at +55° latitude (see Figure 1). According to the modeling study by Salby (1981b), the
amplitude distribution is symmetric about the equator under equinoctial conditions, while under solstitial
conditions the amplitude is much greater in the winter hemisphere than in the summer hemisphere. Thus,
the April 2015 event (Figure 11b) represents the equinoctial type, while the March 2016 and March 2005
events represent the solstitial type (although the March 2005 event is closest to the equinox).

Figures 11a- 11c also depict the height profiles of the phase in the Northern Hemisphere at 55° latitude. The
calculation of the phase is limited to the height range where the amplitude is larger than 0.1 km. For the
April 2015 event (middle), the height profile of the phase is also shown for the Southern Hemisphere at —55°
latitude. The phase profiles reveal a westward tilt in all cases, indicating upward energy propagation. A fit of
a straight line to the phase values within the height range shown in Figures 11a-11c indicates the estimated
vertical wavelength of 111, 96, and 146 km for the March 2016, April 2015, and March 2005 events, respec-
tively. Forbes and Zhang (2015), in their survey of the average quasi-10-day wave during 2002-2013, found a
similar vertical phase tilt. In classical wave theory, the vertical structure of the normal mode Rossby waves
is the same as that of the Lamb wave, which has an infinite vertical wavelength (and hence no vertical phase
change), in the absence of dissipation and nonuniform background. The vertical phase tilt can arise from
the inclusion of dissipation (e.g., Salby, 1980) and mean winds (e.g., Salby, 1981a). Thus, the phase variation
with height does not necessarily conflict with the normal mode interpretation. In Figure 11b, a westward tilt
in the phase is seen in the Southern Hemisphere as well as in the Northern Hemisphere. The 10-day waves
at +55° latitude are approximately 180° out of phase, which is consistent with the antisymmetric (1,2) mode.
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Figure 11. Latitude versus height structures of the westward propagating 10-day wave with Zonal Wave Number 1 on 12 March 2016 (a, d), 4 April 2015 (b, e),
and 23 March 2005 (c, f). The (a-c) 10-day wave amplitude in geopotential height (GPH) and phase at 55° latitude. (d-f) Amplitude profile of the observed

10-day wave at 55° latitude, along with t

he theoretically predicted amplitude profile for Rossby normal modes, namely, exp(kz/H), where ¥=0.29, z is the

altitude, and H is the scale height. Also shown is the amplitude profile of the seasonal mean quasi-10-day wave (March-April) with its standard deviation.

Figures 11d-11f show the vertical profiles of the 10-day wave amplitude at 55° latitude during the March
2016, April 2015, and March 2005 events. Also shown are the amplitude profile of the seasonal mean
quasi-10-day wave (March-April) and the height dependence of the Lamb wave, which is given by
exp(kz/H) where k¥=0.29, z is the altitude, and H is the scale height. The vertical growth of the seasonal
mean quasi-10-day wave is in agreement with that of the Lamb wave in the stratosphere (10-50 km), but in
the mesosphere (>50 km), the wave growth is restricted and the amplitude is nearly constant with height.
Similar results were reported by Hirooka (2000) for the quasi-10-day wave observed by the Upper Atmo-
sphere Research Satellite during May 1992. During the March 2016, April 2015, and March 2005 events,
the amplitude profiles largely deviate from the classical normal mode behavior as well as from the seasonal
mean. The vertical growth rate is significantly greater than the theoretical predictions in the upper strato-
sphere (approximately 30-50 km). The results suggest the amplification or excitation of the quasi-10-day
wave in that region, which is in line with the conclusion derived from Figure 10.

Studies have shown that normal mode Rossby waves can be generated by barotropic/baroclinic instabili-
ties, where the potential vorticity has a negative meridional gradient (e.g., Lieberman et al., 2003; Salby &
Callaghan, 2001; Sato & Nomoto, 2015). The necessary condition for the barotropic/baroclinic instability is
da/ d¢ < 0, where da/ d¢ is the meridional gradient of the quasi-geostrophic potential vorticity:

L 9 )] f_za_ﬁg>.

a? o0¢ | cosp Xb
Here ¢ is latitude, z is height, Q is the rotation rate of the Earth (=2zd™"), a is the Earth's radius, f is
the Coriolis parameter, N is the buoyancy frequency, and p is the air density. Figure 12 shows the latitude
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Figure 12. Latitude versus height structures of the zonal mean zonal wind i, averaged over 3 days around 12 March 2016 (left), 4 April 2015 (middle), 20
March 2005 (right). The gray shaded areas indicate the regions where the necessary condition for the barotropic/baroclinic instability is met (dQ/d¢ < 0).

versus height structures of the zonal mean zonal wind in the Northern Hemisphere when the
large-amplitude quasi-10-day waves are observed. In the same figure, the gray shaded areas indicate the
regions where the instability condition is satisfied (dQ/d¢ < 0). At 50-60° latitude, the unstable regions are
seen at 25- to 35-km altitude, which is just below the regions of rapid wave growth (see Figures 11d- 11f).
For the April 2015 event, an unstable region also exists at higher altitudes 55-60 km. This is consistent with
the two-step growth of the wave shown in Figure 11e. These results suggest the possibility that the observed
large-amplitude quasi-10-day waves are generated by barotropic/baroclinic instability.

Further work is required to clarify the mechanism. Especially, simulations and numerical experiments based
on models that include coupling processes from the surface to the middle and upper atmosphere would
be useful to provide insight into how the occurrence of final warmings alters the source, propagation, and
dissipation of the quasi-10-day wave.

5. Summary and Conclusions

Despite many studies in the past, the influence of SSWs on Rossby normal modes is not well understood.
The present study utilizes over 14 years of geopotential height measurements from the Aura satellite to
investigate the SSW effect on long-period waves (r = 3-20 days), in particular, those propagate westward
with zonal wave number s = 1, including the quasi-6-day wave, quasi-10-day wave, and quasi-16-day wave.

Enhanced wave activity is observed near wave period = = 10 days at 55° latitude between 48- and 97-km
altitudes, following the final breakdown of the stratospheric polar vortex of 2016, 2015, and 2005 (Figures 3
and 4). Wave activity with similarly large amplitude is not observed during midwinter SSWs (Figures 5- 7)
or during normal spring transitions where the breakdown of the polar vortex takes place slowly. The results
suggest that not only the occurrence of SSW but also the seasonal timing of SSW is important for the wave
variability in the middle atmosphere.

The large-amplitude waves observed in March 2016, April 2015, and March 2005 are interpreted to be the
quasi-10-day wave, or the second antisymmetric Rossby normal mode (1,2) of Zonal Wave Number 1. The
latitude and height structures of the waves are consistent with the quasi-10-day wave in the presence of
dissipation and nonuniform background. The peak amplitudes are observed at 55-60° latitude (Figures 11).
The vertical profile of the phase reveals a westward tilt (Figure 11), which is a characteristic of an upward
propagating wave. The estimated vertical wavelengths are 111, 96, and 146 km for the March 2016, April
2015, and March 2005 events, respectively. The waves at +55° latitude are approximately 180° out of phase,
as shown for the April 2015 event.

The vertical growth rate of the amplitude in the upper stratosphere (approximately 30-50 km) is signifi-
cantly greater than the classical normal mode, which is proportional to exp(xz/H). Thus, the waves are likely
amplified or excited in that region. The barotropic/baroclinic instability is suggested as a possible mecha-
nism to generate the waves. Unstable regions (where dQ/d¢ < 0) are found just below the regions of rapid
wave growth (Figure 12). As a result of rapid wave growth in the stratosphere, the wave amplitudes at the

YAMAZAKI AND MATTHIAS

9888



~1
AGU

100

ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Atmospheres

10.1029/2019JD030634

Acknowledgments

The author thanks the NASA Goddard
Earth Sciences (GES) Data and
Information Services Center (DISC;
https://disc.gsfc.nasa.gov/) for making
the Aura/MLS geopotential height
data and MERRA-2 data available.
This work was supported in part

by the Alexander von Humboldt
Foundation and the Deutsche
Forschungsgemeinschaft (DFG)

Grant YA-574-3-1. Open access
funding enabled and organized by
Projekt DEAL.

mesopause height (81 km) are much larger than in other years. More specifically, the quasi-10-day wave
amplitudes during the March 2016, April 2015, and March 2005 events are approximately 4 times the cli-
matological seasonal values derived from the data of other years (Figure 10 and 11). In each case, enhanced
wave activity is observed for the duration of two to three wave cycles (Figure 8).

Finally, the present study mainly focused on the Northern Hemisphere. The variability of Rossby normal
modes in the Southern Hemisphere and its relationship to Antarctic SSWs remains to be investigated.
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