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Abstract This study presents an analysis of the long-term variations of four propagating quasi 16-day
waves with Wavenumbers 1 and 2 and investigates their association with sudden stratospheric warming
(SSW) events. The study is based on the data obtained from Aura Microwave Limb Sounder satellite and
Modern-Era Retrospective Analysis for Research and Applications-2 reanalysis data in the period from 2004
to 2018. Strong quasi 16-day waves are found in the winter hemisphere. The propagating waves with
Wavenumber 1 are prominent in the Northern Hemisphere and eastward-propagating waves are dominant
in the Southern Hemisphere. By analyzing 14 SSW events, we found that the westward-propagating

quasi 16-day waves increase rapidly around the onset dates of the major SSWs, which is likely associated
with the quickly reduced mean eastward background winds. Based on analysis of geopotential height, Ertel
potential vorticity and Eliassen-Palm flux, the propagating quasi 16-day waves with Wavenumbers 1 and 2,
(mainly from westward-propagating components) contribute to the formation of the vortex displaced

and vortex split SSWs, respectively.

1. Introduction

Planetary waves (PWs) are large-scale atmospheric waves that affect the atmospheric structure and circula-
tion. The periods of PWs are generally 2 to 20 days. Many studies have revealed that PWs are generally
excited in the lower atmosphere and propagate upward to the stratosphere and the mesosphere (Day &
Mitchell, 2010; Dickinson, 1968; Forbes et al., 1995; Salby, 1981). Among these PWs, the quasi 16-day wave,
with periods of 12-20 days, was first observed by Kingsley et al. (1978) using meteor wind data over Sheffield
(53°N, 2°W). Since then, studies of the quasi 16-day wave have been carried out extensively (Espy & Witt,
1996; Forbes et al., 1995; Luo, Manson, Meek, Thayaparan, et al., 2002; Manson et al., 2004; Mitchell
et al., 1999; Pancheva et al., 2009; Pancheva & Mitchell, 2004).

Salby (1981) reported that the quasi 16-day wave is a westward-propagating normal Rossby mode with zonal
Wavenumber 1. Using data obtained from a medium frequency radar in the period from 1980 to 1996 at
Saskatoon (52°N, 107°W), Luo et al. (2000) investigated the quasi 16-day wave in the mesosphere and lower
thermosphere. Their observations indicated that the quasi 16-day wave prevails in winter and reaches its
maximum amplitude at around 60 km. Shankar et al. (2010) investigated the vertical amplitude structure
of the quasi 16-day wave using the mesospheric temperature and neutral wind measurements. Their results
revealed that the large quasi 16-day wave amplitudes occur at 88-92 km. Wang et al. (2010) studied the char-
acteristics of the high-latitude quasi 16-day wave in the troposphere and lower stratosphere using radiosonde
observations at three Alaskan stations. They found that strong quasi 16-day waves exist in the regions
around the tropopause and the winter polar night jet. Huang et al. (2017) reported that the quasi 16-day wave
has a significant impact on the magnitude and height of the tropospheric jet at middle latitudes.

Seasonal variation of the quasi 16-day wave has been widely investigated in recent years (Day & Mitchell,
2010; Shankar et al., 2010). Alexander and Shepherd (2010) found that the quasi 16-day wave is dominant
throughout winter hemispheres in the polar lower stratosphere. Day et al. (2011) stated that the quasi 16-
day wave has a clear seasonal cycle with the wave amplitude maximizing in winter, based on the data
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obtained from the Microwave Limb Sounder (MLS) on the Aura satellite in the period from 2004 to 2010.
McDonald et al. (2011) investigated both eastward and westward-propagating quasi 16-day waves with zonal
Wavenumbers 1 and 2. They found that the amplitudes of westward-propagating waves are larger in the win-
ter of the Northern Hemisphere (NH), while eastward-propagating waves dominate in the Southern
Hemisphere (SH).

The NH winter is often accompanied by sudden stratospheric warming (SSW) events. This event is charac-
terized by a sharp increment of temperature in the polar stratosphere, which can rise tens of degrees in a few
days (Matsuno, 1971). The SSW is suggested to result from the interaction between the vertical propagating
PWs and the polar vortex (Andrews et al., 1987; Matsuno, 1971). The SSW event does not only affect the
polar atmosphere but also cause strong disturbances in the atmosphere and ionosphere globally (Chau
et al., 2012; Goncharenko et al., 2013; Gong et al., 2013, 2016; Gong, Li, et al., 2018; Gong, Ma, et al,,
2018; Ma et al., 2017; Manney et al., 2009). Many studies have reported that the SSWs and the quasi 16-
day waves are associated (Chen et al., 2016; Laskar et al., 2014; Limpasuvan et al., 2004; Pancheva et al.,
2008; Shepherd & Tsuda, 2008). Pancheva et al. (2008) found that prior to the 2004 SSW, an upward and
westward-propagating quasi 16-day wave is dominant in the stratosphere and mesosphere. Vineeth et al.
(2009) used the NCEP/NCAR reanalysis data to analyze the variations of daytime mesopause temperature
over an equatorial station during the 2006 SSW. Their study revealed that the quasi 16-day wave is enhanced
in the equatorial mesopause temperature prior to the SSW and indicated that the quasi 16-day wave can pro-
pagate from the equatorial stratosphere to the North Pole in about 1 month. Scheiben et al. (2014) investi-
gated the characteristics of the quasi 16-day wave in the mesosphere during boreal winter 2011/2012
using ground-based microwave radiometer and satellite water vapor observations. They found decreased
quasi 16-day wave activity during the 2012 SSW. However, most of the studies are based on a single
SSW event.

There are several types of SSW, and their classification is discussed later. The propagating quasi 16-day
waves have different wavenumbers and directions. Therefore, the different quasi 16-day wave modes
may have different association with different types of SSWs, which cannot be fully investigated by using
a single SSW event. The main purpose of this study is to present a comprehensive study on the relation-
ship between different propagating quasi 16-day wave modes and different types of SSWs based on 14
SSW events. The data processing method is introduced in section 2. Results and discussions of the seaso-
nal, interannual, and altitudinal variations of the quasi 16-day waves are given in section 3. Section 4 pre-
sents a statistical analysis between SSWs and the quasi 16-day waves in the NH. Conclusions are
summarized in sections 5.

2. Data Analysis

Temperature data measured by the MLS instrument onboard the Aura satellite is used in this study to
investigate the variations of the four propagating quasi 16-day waves with Wavenumbers 1 and 2. The
Aura satellite is in a sun-synchronous orbit with an inclination of 98° at an altitude of 705 km, which
was launched by the National Aeronautics and Space Administration on 15 July 2004. Approximately
3,500 vertical profiles are measured by Aura MLS per day covering the latitudinal range from 82°S to
82°N. More detailed descriptions about the Aura MLS measurements are found in Waters et al. (2006)
and Schwartz et al. (2008).

The version 4.2x Level 2 MLS temperature data is used in this study, which started from Day 215 in 2004. The
temperature data at 42 pressure levels from 261 to 0.001 hPa (9-97 km) are available for scientific research
with a vertical resolution of ~5 km from 261 to 0.01 hPa (Livesey et al., 2017). First of all, the temperature
data are selected based on quality standards including the estimated precision (positive), the status value
(even), the quality value (>0.2 for the 83 hPa and below; >0.9 at larger pressures of 100 hPa and above)
and the convergence (<1.03; Livesey et al., 2017). Then, the selected temperature data are sorted into 32 lati-
tudinal bins in steps of 5° from 80°S to 80°N. In each latitudinal and altitudinal bin, the amplitudes of the
propagating quasi 16-day waves with Wavenumbers from —2 to 2 are extracted using a 32-day sliding win-
dow with a step of 1 day (John & Kumar, 2016). In each fitting window, we first perform a two-dimensional
fast Fourier transform (2DFFT) to obtain a normalized frequency-wave number power spectrum (Huang
et al., 2013; John & Kumar, 2016). Figure 1 presents the result of the 2DFFT in a fitting window (the
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Figure 1. Normalized frequency-wavenumber power spectrum obtained

period from 12 January to 12 February 2008 at 0.05 hPa). E1, E2, W1, and
W2 represent the eastward-propagating quasi 16-day wave with
Wavenumbers 1 and 2 and westward-propagating quasi 16-day wave with
Wavenumbers 1 and 2. According to the spectra results, within the periods
from 12 to 20 days, the periods correspond to the largest spectra power in
E1, E2, W1, and W2 components, are regarded as the quasi 16-day waves
in each fitting window. Then, the amplitudes of E1, E2, W1, and W2 com-
ponents are obtained using the 2DFFT coefficients. The noise level is cal-
culated according to a method described in McDonald et al. (2011). The
noise level of E1, E2, W1, and W2 waves are ~0.6, ~0.6, ~0.5, and ~0.5
K, respectively.

The types and onset dates of the SSW events are not defined consistently
in previous studies. Kodera et al. (2015) defined the 2010 SSW as a

0 W1 W2 W3 W4 major event while Strahan et al. (2016) identified this event as a minor

SSW. Manney et al. (2015) reported that the onset date of the 2015 SSW
was 4 January while Gupta and Upadhayaya (2017) stated that the onset
date was 26 January. In the present study, the occurrence of the SSW

from the MLS temperature in the period from 12 January to 12 February event is determined based on the World Meteorological Organization

2008 at 0.05 hPa.

definition that the zonal mean temperature gradient between 90°N

and 60°N becomes positive, and the positive gradient lasts more than

5 days at 10 hPa level. A major SSW is associated with the reversal of
the zonal mean zonal wind at 60°N from eastward to westward at 10 hPa while a minor SSW only has
an attenuation of the zonal winds. The onset date of the SSW is defined as the day when the largest tem-
perature gradient occurs. The Modern-Era Retrospective Analysis for Research and Applications-2
(MERRA2) temperature and zonal wind data in the NH from 2005 to 2018 are used in this study to deter-
mine the onset dates and the types of SSWs based on the WMO definition. The MERRA2 data are
obtained from the National Aeronautics and Space Administration website (https://disc.gsfc.nasa.gov/
daac-bin/FTPSubset2.pl). Descriptions of the MERRA2 version of the GEOS-5 AGCM can be found in
Molod et al. (2015). Aside from being classified either as major or minor, an SSW event can also be
defined as polar vortex displacement (PVD) or polar vortex split (PVS; Charlton & Polvani, 2007).
Using the MERRA2 geopotential height data from 2005 to 2018, the SSWs are defined based on vortex-
oriented classification. The onset dates and the types of SSW events from 2005 to 2018 are listed in
Table 1. Manney and Lawrence (2016) reported a strong stratospheric final warming event occurred in
March 2016. The onset dates of the stratospheric final warming events vary from early March to late
May. Here, we only focus on the SSW events during the midwinters from December to February.

3. Long-Term Variations of the Quasi 16-day Wave at

High Latitudes
Table 1
The Onset Date and Types of SSW Events From 2005 to 2018 According to previous studies (Day & Mitchell, 2010; John & Kumar,
Year of the SSW events Date Type 2016; Luo, Ma.nson, Meek, Meyer, e.t al., 2002; McDonald et all.,

2011), the quasi 16-day waves are dominant at around 60°N/S. In this
2005 24 February Minot/PVD  paper, we focus on the investigation on the propagating quasi 16-day
2006 22 January WEYTS 1A waves with Wavenumbers 1 and 2 at the latitude range from 55° to
2007 24 February Major/PVD . | X 8 L.
2008 23 February Major/PVD 65° in both hemispheres. Figure 2 presents the long-term variations
2009 23 January Major/PVS of the monthly mean quasi 16-day waves from December 2004 to
2010 22 January Minor/PVD  September 2018 at the latitude range from 55° to 65°. Figures 2a to
2011 2 February Minor/PVD 54 and 2e to 2h display the time-altitude-amplitude variations of the
20 g e er?or/ LD E1, W1, E2, and W2 waves in the SH and the NH, respectively. The
2013 4 January Major/PVD . . . .
2014 9 February Minor/PVD  four propagating quasi 16-day waves show similar seasonal variations
2015 26 January Minor/PVD that approach the maximum amplitudes during each winter in both
2016 8 February Minor/PVD hemispheres. The largest amplitude reaches up to 8 K. Our results
2017 29 January Minot/PVD  are obtained from a long dataset, which confirms the previous studies
2018 11 February Major/PVS

that the amplitudes of the quasi 16-day waves are prominent during
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Figure 2. Time-altitude amplitude variations of the monthly mean propagating quasi 16-day waves obtained from Aura/
Microwave Limb Sounder measurements from December 2004 to September 2018 at the latitude range of 55°S to 65°S
and 55°N to 65°N. Results (from (a) to (d) and from (e) to (h)) are given for eastward propagation wave with Wavenumber
1 (E1), westward propagation wave with Wavenumber 1 (W1), eastward propagation wave with Wavenumber 2 (E2), and
westward propagation wave with Wavenumber 2 (W2), respectively.

winter times (Alexander & Shepherd, 2010; Day et al.,, 2011; John & Kumar, 2016; McDonald et al.,
2011).

In the SH, the eastward-propagating waves (Figures 2a and 2c) dominate the westward-propagating waves
(Figures 2b and 2d). The W2 wave is nonexistent in the SH since its amplitude is largely below the noise

GONG ET AL.

12,620



AAAAAAAAAAAAAA
'AND SPACESCIENCE

19 W1 w2 E1 E2
0.3

o
w

o
w
o
w

o
&)

o
&l

0.5

o
o

Pressure (hPa)
Pressure (hPa)
Pressure (hPa)
Pressufe (hPa)

_;
—_—— -
—
—_—n—
—
—> -
— -
——

- =

-
”
-
- . .

-
- -
- - -
—_—— -
—_—>
—
—_—
—_—
— —
—_-

50 60 70 50 60 70 50 60 70 50 60 70
Latitude (°N) Latitude (°N) Latitude (°N) Latitude (°N)
2014 W1 w2 E1 E2

,,,,, 0.3 03{ - - - - - - 03{- - - - - -

o
w

os{- - - - - 05{ - -

Pressure (hPa)
o
(6]
Pressure (hPa)
Pressure (hPa)
Pressure (hPa)

N
— -
—
—— -
—_—— -
—_—— -
—_— .
—
—>

N
—

—

—>
—
—
—n
—>
e

50 60 70 50 60 70 50 60 70 50 60 70
Latitude (°N) Latitude (°N) Latitude (°N) Latitude (°N)

Figure 3. The Eliassen-Palm flux of the eastward/westward (E/W) propagating quasi 16-day waves with Wavenumbers 1
and 2 in the pressure range from 1.3 to 0.3 hPa in January 2011 (top row) and January 2014 (bottom row). The arrow scale
denotes 4 x 10* and 4 X 10’ kg/ s? for vertical and meridional components of the Eliassen-Palm flux.

level (~0.5 K). In the NH, the quasi 16-day waves with Wavenumber 1 (Figures 2e and 2f) are much stronger
than the waves with Wavenumber 2 (Figures 2g and 2h). Our results are consistent with the MLS study
reported by McDonald et al. (2011). However, their results are based on only 4 years of the MLS
temperature data (January 2005-December 2008). When comparing the results between the two
hemispheres, it can be found that the amplitudes of the westward-propagating modes in the NH are much
stronger than in the SH, while the amplitudes of the eastward-propagating modes in both hemispheres
are comparable.

As seen from Figure 2, the quasi 16-day waves are strong during winter but not at all interested pressure
levels. The amplitudes of the quasi 16-day waves are very weak around 1 hPa (~50 km) that near the strato-
pause region while the amplitudes above and below this region are strong. Using the Sounding of the
Atmosphere using Broadband Emission Radiometry (SABER) temperature measurements in the period
from 2003 to 2007, John & Kumar (2016) reported the similar vertical structure of the propagating quasi
16-day waves that the amplitudes are weak around 50 km and strong at ~40 and ~70 km. They suggested that
around 50 km (about 1 hPa), the background conditions are not favorable for upward-propagating the quasi
16-day waves (John & Kumar, 2016). However, the quasi 16-day amplitudes above that region are compar-
able with when they are below 50 km. The Eliassen-Palm (EP) flux has been widely used to study the PW
activities (Fritts et al., 1999; Huang et al., 2017; Leroy & Anderson, 2007). The EP flux has two components,
which indicates the wave energy propagation in the meridional and vertical directions, respectively. The
meridional and vertical components of the EP flux (F) are calculated with the following equations
(Andrews et al., 1987; Huang et al., 2017; Iida et al., 2014; Li et al., 2007):

F® = pacos ¢ (u_z 1)0?9 —u'v') , (1)

z

o [fo—(acos @) (ticos ga)(p} ve .
F9 = pya(cos ) ~ —aw }, @
Z

where p, is the mean density; a is the mean Earth radius; ¢ is the latitude; f; is the Coriolis parameter; z is the
log-pressure height; u, v, w is the zonal, meridional, and vertical wind, respectively; and 6 is the potential
temperature. The zonal wind, meridional wind, and temperature data are obtained from the MERRA?2 data.
The overbars, primes, and subscripts in equations (1) and (2) represent the zonal averages, perturbation

GONG ET AL.

12,621



Journal of Geophysical Research: Atmospheres 10.1029/2019JD031482

. . 100410 hPa  [——E1 —— w1 £ —W2|  400-10 hPa
(a) major SSW 1 (b) minor SSW 1

4

w
L

Temperature Amplitudes (K)
N

Temperature Amplitudes (K)
N

1
1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
t +
0 0

0 T T 0 T T
-45 -20 20 45 -45 -20 20 45
Date (composite) Date (composite)
10-1 hPa 10-1 hPa
6 L 6

'(c) major SSW (d) minor SSW

B (&)}
L L

Temperature Amplitudes (K)
w

Temperature Amplitudes (K)
w

|}
1 1
1 !
] 1
1 1
2 : . 21 : ;
1 1
1 1
11 1 - 1 1 1 -
] 1
1 1
0k ; : . 0 . : ;
-45 -20 0 20 45 -45 -20 0 20 45
Date (composite) Date (composite)

Figure 4. Daily composite variations of the eastward/westward (E/W) propagating quasi 16-day waves with
Wavenumbers 1/2 (E1, blue; E2, golden; W1, maroon; W2, purple) during the major sudden stratospheric warmings
(SSWs; left column) and minor SSWs (right column). The results are calculated at the latitude range from 55°N to 65°N
and in the pressure ranges of 100-10 hPa (top row) and 10-1 hPa (bottom row). The vertical dotted pink lines represent the
onset date of SSWs (day 0).

quantities, and the derivatives, respectively. The potential temperature 6 is evaluated by the equation
expressed by Andrews et al. (1987).

0 = T(P,/P)** 3)

where T is the measured temperature, P is the standard air pressure of 1,000 hPa, P is the real pressure level
of the measured temperature. The EP flux of the propagating quasi 16-day waves during January of 2011 (top
panel) and 2014 (bottom panel) in the pressure range from 1.3 to 0.3 hPa are presented in Figure 3. As shown
in Figure 2, since the propagating quasi 16-day waves are prominent during the winter of 2011 and are rela-
tive weak in the winter of 2014, we only present the results of those 2 years. As seen from Figure 3, the four
wave modes all exhibit upward-propagating activities around 1 hPa, which indicates that although it is dif-
ficult, the quasi 16-day oscillations can still pass through this region. Ghosh et al. (2019) suggested that the
vertical wavelength of the quasi 16-day waves is large enough near the stratopause region, which ensures
their propagation to higher altitudes even up to the ionosphere. Nevertheless, the mechanisms of the vertical
propagating quasi 16-day waves from the stratosphere to the mesosphere need further investigations.

4. Statistical Analysis of the Quasi 16-day Waves During SSWs

In recent years, studies on the correlation between SSWs and the quasi 16-day wave have attracted more and
more attention (Laskar et al., 2014; Pancheva et al., 2008; Scheiben et al., 2014; Vineeth et al., 2010). However,
as mentioned in section 1, most of these studies are based on a single SSW event. To further understand the
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Figure 5. Daily composite variations of the total power of the eastward (blue curve) and westward (maroon curve) propa-
gating quasi 16-day waves and zonal mean wind (purple curve) during major sudden stratospheric warmings (SSWs)
(left column) and minor SSWs (right column). The results are calculated at the latitude range from 55°N to 65°N and in the
pressure ranges of 100-10 hPa (top row) and 10-1 hPa (bottom row). The vertical dotted pink lines represent the onset date
of SSWs (day 0); the horizontal dotted black lines represent the zero wind speed.

variations of the quasi 16-day wave activities during multiple major/minor and PVD/PVS SSW, a statistical
analysis of the four propagating quasi 16-day waves with Wavenumbers 1 and 2 during SSW events from 2005
to 2018 is presented below.

According to the classification shown in Table 1, the daily composite variations of the quasi 16-day waves
during the major SSWs (left column) and the minor SSWs (right column) are presented in Figure 4. The
results are obtained by averaging the daily quasi 16-day wave amplitudes in the pressure ranges of 100-10
hPa (top row) and 10-1 hPa (bottom row). The dotted pink lines represent the onset date of the SSWs
(Day 0). The temporal variations of the four propagating quasi 16-day wave modes are exhibited in the
period from 45 days before the SSWs (Day —45) to 45 days after the SSWs (Day 45). Note that the time
indexes in the following figures are defined as the last day of the fitting window. As shown in Figure 4
, the temporal variations of the W1, W2, and E1 waves are similar. They exhibit a clear enhancement
before the commencement of the SSWs, reaching to the maximums around the onset date and then
decrease. During the minor SSWs, compared with the other three wave modes, the E2 wave exhibits
the least variations.

According to Figure 4, it appears that the eastward/westward-propagating quasi 16-day waves respond
differently to different types of SSWs. To investigate the variations of the eastward/westward-propagating
quasi 16-day waves during the major/minor SSWs, the wave power of the eastward and westward waves
is presented in Figure 5. The total power of the eastward/westward-propagating waves (wave E/W) is the
summation of the E1/E2 and W1/W2 wave power, which is calculated using the following equation
(Hayashi, 1971):
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Figure 6. Daily composite variations of the total power of the propagating quasi 16-day waves with Wavenumbers 1 (blue
curve) and 2 (maroon curve) during the polar vortex displacement (PVD) SSWs (left column) and polar vortex split (PVS)
SSWs (right column). The results are calculated at the latitude range from 55°N to 65°N and in the pressure ranges of

100-10 hPa (top row) and 10-1 hPa (bottom row). The vertical dotted pink lines represent the onset date of SSWs (day 0).

P +0(T) = Z %Ritaﬂ “)

where Py, ., is the wave power of the eastward/westward-propagating quasi 16-day waves; R ., ., represents
the wave amplitude; S is the zonal wavenumber; and w is the wave frequency. In Figure 5, the purple dashed
lines are the zonal mean background wind (eastward positive) obtained from the MERRA?2 data. The vertical
pink lines and horizontal black lines represent the onset date of the SSWs (Day 0) and the zero wind speed,
respectively. As seen from Figure 5, the temporal variations of wave W in both SSW types exhibit a clear
enhancement before the commencement of the SSW. Wave W is stronger than wave E in the period from
Day 0 to 15 except during the minor SSWs at 100-10 hPa. In the period of Day —10 to 10, wave W quickly
increases and then decreases. During the same period, wave E also exhibits the same trend but as not intense
as wave W except during the minor SSWs at 100-10 hPa. The variation of waves W and E may be related to
the background wind at 10 hPa during the SSWs. The vertical propagation of PWs in the atmosphere is
greatly influenced by background winds (Charney & Drazin, 1961; John & Kumar, 2016; McDonald et al.,
2011). Charney and Drazin (1961) stated that background winds that are lightly eastward relative to the
PW are conducive to their vertical propagation. The zonal phase velocity of quasi 16-day waves with
Wavenumbers 1 and 2 at 60°N are approximately 14.7 and 7.3 m/s, respectively. As shown in Figure 5c,
the zonal mean background wind decreases from ~33 to ~—16 m/s from Day —5 to 4. During this period,
the westward-propagating waves rapidly increases from ~15 to ~20 K2 Since the westward-propagating
quasi 16-day waves in the lower atmosphere are easier to propagate upward under this background wind
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Figure 7. Daily composite variations of the total power of propagating quasi 16-day waves with Wavenumber 1 (left col-
umn) and Wavenumber 2 (right column) in the geopotential height during polar vortex displacement (PVD) SSWs

(top row) and polar vortex split (PVS) SSWs (bottom row). The results are calculated at the latitude range from 55°N to
65°N and in the pressure ranges of 100-1 hPa. Day 0 represents the onset date of SSWs.

condition, the sharp deceleration of the eastward background wind is likely associated with the quick
amplification of the westward-propagating waves.

The PWs with Wavenumbers 1 and 2 are suggested to be associated with PVD and PVS SSWs, respectively
(Charlton & Polvani, 2007; Manney et al., 2009). Charlton and Polvani (2007) reported that PVD/PVS
SSWs are often associated with large amplitudes of PWs with Wavenumbers 1 and 2. Manney et al. (2009)
found large Wave 1 amplitude during the 2006 PVD SSW and intense Wave 2 activity during the 2009
PVS SSW. However, those studies have not identified the wave periods of the PWs. The relationship between
the propagating quasi 16-day waves and the PVD/PVS SSWs are rarely reported. In order to understand the
relationship, the total wave power of the propagating quasi 16-day waves with Wavenumbers 1 and 2 is
exhibited in Figure 6. The total power of the propagating quasi 16-day waves with Wavenumbers 1 and 2
(Waves 1 and 2) is the summation of the E1/W1 and E2/W2 wave energy. As shown in Figures 6a and 6c,
Wave 1 dominates Wave 2 in both pressure ranges. Wave 1 in both regions reaches its maximum power
around the onset date and then quickly decreases. During the PVS SSWs, the power of Wave 2 at 100-10
hPa rapidly grows, and its maximum reaches to ~13 K* while the maximum of Wave 1 is ~8 K> In the pres-
sure range of 10-1 hPa, Wave 2 exhibits sharp increment and its magnitude increased from 12 to 22 K* in the
period from Day —7 to 1. In this pressure range, Wave 2 is also larger than Wave 1 in the period from Day —3
to 21, but the difference is not as significant as it in the pressure range of 100-10 hPa. By examining 12 PVD
SSW events, our results indicate that the PVD SSWs have a large impact on the propagating quasi 16-day
waves with Wavenumber 1, while the PVS SSWs affect more on the propagating quasi 16-day waves with
Wavenumber 2.

On the other hand, the propagating quasi 16-day waves may affect the formation of the polar vortex and con-
tribute to PVD/PVS SSWs. The geopotential height distribution is often used to express the state of the polar
vortex, where higher geopotential height value refers to the anticyclones and lower geopotential height value
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Figure 8. The composite evolutions of the Ertel potential vorticity at 10 hPa (top row) and the Eliassen-Palm flux of the E1 and W1 %uasi 16-day waves (middle and
bottom row) for days —18, —9, 0, and 3 during polar vortex displacement SSWs. The arrow scale denotes 4 X 102 and 4 X 105 kg/s” for vertical and meridional
components of the EP flux. Day 0 represents the onset date of polar vortex displacement sudden stratospheric warmings.

represents the polar vortices. The composite results of the quasi 16-day oscillations in the geopotential height
during the PVD/PVS SSWs are presented in Figure 7. The geopotential height data is obtained from the
MERRA2 data. The results are computed in the pressure range of 100-1 hPa from 55°N to 65°N. Since the
distribution of the geopotential height is closely related to the polar vortices, the variations shown in the
geopotential height are indicative of the variations of the polar vortices. As shown in Figure 7, Wave 1 is
dominant during the PVD SSWs. During the PVS SSWs, Wave 2 is larger than Wave 1 below about 3 hPa.
It indicates that Wave 2 contributes more than Wave 1 in the split polar vortex, although many studies
suggested that PWs with Wavenumber 1 has a large contribution in the formation of the split polar
vortex. Waves 1 and 2 reach the maximum around the onset dates in PVD SSWs while it takes about 10
more days for those two waves to achieve their maximum in the PVS SSWs.

Aside from the geopotential height, the activity of the Ertel potential vorticity (EPV) also provides the evo-
lution process of the polar vortices (Nash et al., 1996). Matthewman et al. (2009) suggested that the Arctic
polar vortex could be identified by the air mass of the high EPV values, corresponding to the lower geopo-
tential height values. Hoppel et al. (2008) stated that major SSW is associated with the advection of low
potential vorticity air over the pole near 10 hPa. Using numerical simulations, Scaife and James (2000)
investigated the advection of the EPV in the upper stratosphere. Their results revealed that the northward
and eastward advection of the low EPV air shaves off a strip of high potential vorticity from the polar vortex.
Coy and Pawson (2015) reported that propagating PWs can advect enough low EPV air into the polar region
and create strong anticyclones to displace or split the polar vortex. We derived the composite EPV evolutions
at 10 hPa during the PVD and PVS SSWs. Note that, the EPV distributions over the polar region are not
obvious during minor SSWs. Thus, composite EPV evolutions are only calculated in major SSW
events (2007-2008).

Coy et al. (2009) found that the poleward development of the low EPV air is related to the poleward EP flux
caused by the PWs. They suggested that the PWs play an important role in the displacement of the SSW.
Many studies have used the EP flux to reveal the magnitude and direction of the energy propagation caused
by the PWs (Chen & Huang, 2002; Harada et al., 2010; Huang et al., 2017; Koval et al., 2018; Leroy &
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Figure 9. The composite-evolutions of the Ertel potential vorticity at 10 hPa (top row) and the Ertel potential flux of the W2 and E2 quasi 16-day waves (middle and
bottom row) for days —9, —6, —3, and 0 during polar vortex split sudden stratospheric warmings. The arrow scale denotes 4 x 10%and 4 x 10° kg/s2 for vertical and
meridional components of the EP flux. Day 0 represents the onset date of PVS SSWs.

Anderson, 2007; Portafaix et al., 2003). The composite EP flux of the quasi 16-day waves with different
wavenumbers at 10 hPa is calculated.

Figure 8 presents the composite result of the EPV evolution (top panel), the EP flux of the E1 (middle panel),
and the EP flux of the W1 (bottom panel) during the PVD SSWs. The results of the EP flux of the W2 and E2
are not shown because of their weak association with the PVD SSWs. As shown in Figure 8 (top panel),
results of the EPV evolutions are presented in four days (Days —18, —9, 0, and 3), the black shadow denotes
the low EPV air, and the white shadow represents the high EPV air. At Day —18 (18 days before the onset
date of the SSW), the high EPV air dominates in the polar region, and low EPV air is largely below 60°N.
At Day —9, low EPV air becomes important at high latitudes in the longitudinal ranges from 120° to 180°
and —180° to —120°. At Day 0, the low EPV air dominates in the polar region, which results in the displace-
ment of the polar vortices from the polar region to lower latitudes. The evolutions of the EPV air at 10 hPa
may indicate development of low EPV air (around 180° meridian) from lower latitudes into the polar region.
During this period, the polar vortex (indicated by high EPV values) displaces off the pole with a wave-1 pat-
tern. The distribution of EPV is likely associated with the poleward energy transportation as indicated by the
EP flux results shown in Figure 8 (middle and bottom panels). The EP flux reveals that the quasi 16-day
waves are mainly propagating upward and poleward (at the high latitudes) prior to the onset date of the
SSW. The poleward EP flux of the E1 wave is obvious in 60-70°N at Days —18 and —9, while W1 wave pro-
vides more poleward energy at higher latitudes (>70°N). This poleward EP flux indicates that the E1 and W1
quasi 16-day waves may contribute to the evolution of the EPV prior to PVD SSWs.

Figure 9 is similar to Figure 8 but for the PVS SSW events. The composite results of the EPV evolution (top
panel), the EP flux of the W2 (middle panel), and the EP flux of the E2 (bottom panel) during PVS SSWs are
shown at Days —9, —6, —3, and 0. The results of the EP flux of the waves with Wavenumber 1 are not shown
because of their weak association with the PVS SSWs. As shown in Figure 9, the low EPV air (black shadows)
around 180° meridian is largely below 70°N at Days —9 and —6, and it becomes important in the polar region
at Day 0. In addition, the low EPV around 0° meridian also exhibits a poleward development. The evolutions
of low EPV around 180° and 0° meridian are likely causing the polar vortex splitting into two parts on Day 0,
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when the split SSWs occurred. This process indicates a different poleward development of the EPV during
PVS SSWs, where the low EPV air is gradually important in the pole region around 180° and 0° meridians.
It reveals a typical wave-2 pattern during the PVS SSWs. As shown in Figure 9 (middle panel), the EP flux of
the W2 wave higher than 60°N reveals a strong poleward characteristic at Days —9 and —6. On Day —3, the
upward EP flux of the W2 is not strong at higher latitudes but still shows poleward feature around 50°N. As
seen from Figure 9 (middle and bottom panels), the overall contribution of the poleward transportation from
E2 wave is not as strong as the W2 wave, but it has contributions on Day —3. Our results indicate that the
evolution of EPV during PVS SSWs is likely associated with the poleward EP flux of the W2 and E2 waves,
and the W2 wave plays a major role. Results shown in Figures 8 and 9 reveal that the propagating quasi 16-
day wave with Wavenumber 1 may contribute to the vortex displacements, and W2 and E2 waves are likely
associated with the evolution of the EPV during vortex split events.

5. Conclusions

The seasonal and interannual variations of four propagating quasi 16-day waves with Wavenumbers 1 and 2
are analyzed in this study. The analysis is based on temperature data measured by the MLS onboard the
Aura satellite from 2004 to 2018. Aside from the variations of the quasi 16-day waves, the relation between
the four quasi 16-day modes and four types of SSWs (major/minor, PVD/PVS) in the period from 2005 to
2018 are investigated for the first time.

Based on the large dataset, our results reveal that the four propagating quasi 16-day waves are strong in
the winter hemisphere. The wave amplitudes surpass 4 K during most of the wintertime. In the NH win-
ter, the quasi 16-day waves with Wavenumber 1 are the most prominent while the eastward-propagating
quasi 16-day waves dominate the SH winter. The quasi 16-day waves in the NH are generally larger than
in the SH.

The variations of the W1, W2, and E1 waves are similar during the SSWs. Their amplitudes increase before
the commencement of the SSWs and reach to the maximum around the onset dates. The westward-
propagating quasi 16-day waves are quickly amplified around the onset dates of the major SSWs. Wave 1
is dominant in the PVD SSW in the pressure range of 100-1 hPa, while the power of Wave 2 has a sharp
enhancement about 5 days before the onset dates of the PVS SSWs. According to the results of the quasi
16-day wave in the geopotential height, it appears that the quasi 16-day waves with Wavenumber 1 are asso-
ciated more with the PVD SSWs while the quasi 16-day waves with Wavenumber 2 are linked more with the
PVS SSWs. The results of the EPV evolution and EP flux indicate that the quasi 16-day waves with
Wavenumber 1 is associated with the formation of the displaced vortex while quasi 16-day waves with
Wavenumber 2 (mainly W2) contribute on the split of the polar vortex. By analyzing 14 SSW events in the
period of 2005 to 2018, our results reveal that the propagating quasi 16-day waves are strongly associated
with the SSWs and they contribute to the displacement and split polar vortices. Nevertheless, the underlined
mechanisms between the variations of the quasi 16-day waves and the SSWs are not well understood. In
future studies, numerical simulations are needed to further investigate the association between the quasi
16-day waves and the SSWs.
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