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Abstract

Enhancements of stationary planetary waves (SPWs) and traveling planetary
waves (TPWs) are commonly observed in the middle atmosphere during sudden
stratospheric warming (SSW) events. Based on the least-square fitting method (Wu et
al., 1995), numerous studies have used satellite measurements to investigate the
characteristics of TPWs during SSWs but ignored the effect of the SPWs. However, a
rapid and large change in the SPWs during SSWs may lead to significant disturbances
in the amplitude of derived TPWs. In this study, we present a new methodology for
obtaining the amplitudes and wavenumbers of traveling quasi-5-day oscillations
(Q5DO0s) in the middle atmosphere during major SSWs. Our new fitting method is
developed by inhibiting the effect of a rapid and large change in SPWs during SSWs.
We demonstrate the effectiveness of the new method using both synthetic data and
satellite observations. The results of the simulations indicate that the new method can
suppress the aliasing from SPWs and capture the real variations of TPWs during SSWs.
Based on the geopotential height data measured by the Aura satellite from 2004 to 2021,
the variations of traveling Q5DOs during eight mid-winter major SSWs are reevaluated
using the new method. The differences in the fitted amplitudes between the least-square
fitting method and the new method are usually over 100 m during the SSW onsets. Our
analysis indicates that previously-reported Q5DOs during SSWs might be
contaminated by SPWs, which leads to both overestimation and underestimation in the

amplitudes of the traveling Q5DOs.
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1. Introduction

Sudden stratospheric warming (SSW) is one of the most representative phenomena
in the atmospheric dynamics in the polar region, which is excited by the interaction
between stationary planetary waves (SPWs) and background mean flow (Matsuno,
1971; Baldwin et al., 2021). The onset of SSW is characterized by a positive gradient
of zonal mean temperature between 90°N and 60°N at 10 hPa (Andrews et al., 1987).
Generally, a major SSW event is additionally associated with the phenomenon of wind
reversals in the zonal mean eastward winds at 60°N and 10 hPa; otherwise, SSWs are
regarded as minor events (Charlton and Polvani, 2007; Butler et al., 2017; Choi et al.,
2019). During the occurrence of SSWs, the enhancements of SPWs largely affect the
energy transportation in the stratosphere and the occurrence of extreme weather in the
troposphere at middle latitudes (e.g., Manney et al., 2009; Kozubek et al., 2015; King
et al., 2019; Domeisen et al., 2020). The zonal wavenumber of the enhanced SPWs
usually corresponds to the geometry of the polar vortex during SSWs (e.g., Harada and
Hirooka, 2017; Liu et al., 2019; White et al., 2021). A displacement vortex is mainly
due to a strong SPW with a zonal wavenumber of 1 (SPW1) and split vortices are
always associated with large SPWs with a zonal wavenumber of 2 (SPW2) (e.g.,
Seviour et al., 2013; Lawrence and Manney, 2018; Choi et al., 2019).

Traveling planetary waves (TPWs), widely observed with strong amplitudes
during SSWs in recent decades, also play a significant role in controlling the global
atmospheric and ionospheric couplings during SSWs (e.g., Gong et al., 2019; Koushik

etal., 2020; Lin et al., 2020; Ma et al., 2022). One of the prominent TPWs, the westward
3
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propagating quasi-5-day oscillation (Q5DO) with periods of 4-7 days, is usually
observed from the mesosphere to the ionosphere at mid-latitudes during SSWs with the
zonal wavenumbers both 1 and 2 (W1 and W2) (Gong et al., 2018; Pancheva et al.,
2018; Yamazaki et al., 2020, 2021). These Q5DOs are believed to be generated by
atmospheric barotropic/baroclinic instability due to large changes in zonal winds and
temperatures during SSWs (e.g., Liu et al., 2004; Ma et al., 2020; Yamazaki et al., 2021).
Based on the least-square fitting method introduced by Wu et al. (1995), the amplitude,
phase, and zonal wavenumber of the Q5DOs can be obtained from satellite observations
and reanalysis data sets (e.g., Huang et al., 2017; Qin et al., 2021). However, based on
the least-square fitting method, a rapid and large change in the amplitudes of SPWs
would lead to an apparent fluctuation in the amplitude of TPWs over a broad range of
frequencies, including those corresponding to Q5DOs. Yamazaki and Matthias (2019)
proposed that based on the least-square fitting method, the effect of an SPW on a quasi-
10-day wave (Q10DW) is equivalent to two oppositely propagating waves with equal
amplitudes, periods, and wavenumbers. They suggested that the effect of SPWs can be
ignored when the activities of Q10DWs in the oppositely propagating direction were
not simultaneously enhanced.

However, the rapid change in the amplitudes of SPWs is a typical characteristic
during the occurrence of SSWs. Previous studies usually ignored the effect of SPWs
when obtaining the amplitudes of Q5DOs from satellite observations (e.g., Gong et al.,
2018; Qin et al., 2021). Nevertheless, both westward and eastward Q5DOs have been

frequently reported during SSWs in recent years (e.g., Pancheva et al., 2018; Rhodes et
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al., 2021; Wang et al., 2021; Yu et al., 2022). Thus, it is necessary to understand the real
physics of the enhanced Q5DOs during SSWs and their relationships with SPWs. It is
also necessary to inhibit the effect of SPWs when studying the variations of Q5DOs
during SSWs. In the present study, we develop a new method for measuring the
variation of westward and eastward propagating Q5DOs by inhibiting the effect of a
rapid and large change in SPWs. The effectiveness of the new method is demonstrated
by using both simulations and satellite observations. The paper is organized as follows.
In Section 2, the synthetic data and the satellite data used in this study are introduced.
Section 3 presents the new methodology for measuring the amplitudes of Q5DOs.
Discussions are given in Section 4, mainly focusing on the comparisons of traveling
Q5DOs during SSWs between the least-square fitting method and the new fitting

method. Conclusions are summarized in section 3.

2. Data

In the present study, a simulation is performed based on synthetic data to further
understand the issue of SPWs and Q5DOs during SSWs. The synthetic data Y(x,t)
are built based on equation (1), including three components: an SPW, a westward
propagating Q5DO, and an eastward propagating Q5DO, respectively, which is
expressed as:

Y(x,t) = Ax(t) cos(kx — ;) + B,, cos(wt + kx — ¢,,) + B, cos(wt — kx — ¢,)(1)
where x is the longitudes, t is the time, k is the wavenumber, w is the frequency of

Q5DO0s, Ay and @y, are the amplitude and phase of SPWs, B,, and B, denote the
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amplitudes of westward and eastward Q5DOs with the phase of ¢, and ¢,,
respectively. Based on the least-square fitting method introduced by Wu et al. (1995),
TPWs with the same zonal wavenumber but in other periods only cause periodic
modulation in the fitted amplitudes of Q5DOs. The aliasing caused by TPWs with
different wavenumbers is mainly captured in the studies of quasi-2-day waves based on
satellite measurements (Tunbridge et al., 2011). For the analysis of Q5DOs, the aliasing
caused by TPWs with different wavenumbers is usually ignored, because Q5DOs with
wavenumbers of 3 or 4 are rarely reported. Nevertheless, the most important issue of
the least-square fitting method may be the aliasing due to the rapid and large changes
in the SPWs. Therefore, to better understand the issue, the synthetic data for the
simulations in the present study only includes three components of waves with the same
zonal wavenumbers.

To verify the effectiveness of different fitting methods, the geopotential height data
measured by the Aura/Microwave Limb Sounder (MLS) from 2005 to 2021 are used to
derive the Q5DOs in the present study. The available Aura/MLS geopotential height
data in the version 4.2x Level 2 product is from 261 hPa to 0.001 hPa (Livesey et al.,
2017), with the measurement errors of 25 m, £#45 m, £110 m, and £160 m at 1 hPa,
0.1 hPa, 0.01 hPa, and 0.001 hPa. A comprehensive study of the measurement errors
and fitting errors has been reported by Yamazaki and Matthias (2019) when using the
Aura/MLS geopotential height data to obtain the amplitudes of Q5DOs. They have
suggested that the mean values of the estimated 1-o uncertainties in TPWs are about 50

m at high latitudes in the Northern Hemisphere. Following their technique, mean values
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of the estimated 1-¢ uncertainties in the fitted amplitudes obtained by the new method
are also about 50 m. The vertical structure of the estimated 1-o uncertainty of the new
method is the same as the distributions shown in Yamazaki and Matthias (Figure 1,
2019). In the present study, we focus on the difference between the original and new
fitting methods. The fitted amplitudes are presented in the following analyses without
dropping the values that are lower than the uncertainties. The analysis of this study
focuses on the traveling Q5DOs with zonal wavenumbers of 1 and 2 based on the data

at 60°N (averaged from 55-65°N).

3. Methodology

3.1 Simulations of the least-square fitting method

The least-square fitting method used in previous studies to derive the amplitude
and phase of Q5DOs from satellite observations is based on equation (1) but without
fitting the first term on the right-hand side (e.g., Huang et al., 2017; Qin et al., 2021).
Generally, a 20-day sliding window with a step of one day is used to simultaneously
extract the amplitudes of TPWs with zonal wavenumbers from 3 to -3 (westward to
eastward). The daily amplitudes of the Q5DOs are obtained with the largest value in
the wave periods between 4 and 7 days. The fitting result is marked at the end day of
each 20-day window. To better understand the original least-square fitting method, the
synthetic data are used to first simulate the effect of a rapid and large change in SPWs
when calculating the amplitudes of Q5DOs. As shown in Figures la and 1b, three

components of waves with the zonal wavenumber of 1 are given in the synthetic data,
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which are an SPW with the amplitude of 100 m, eastward and westward propagating
Q5DO0s with amplitudes of 100 m and 60 m, respectively. The phases are respectively
setas 0, -1/4, and 11/5 for the SPW and the westward and eastward propagating Q5DOs.
To simulate the effect of SPWs on TPWs, rapid large changes are given in the
amplitudes of SPW on day 100 with magnitudes from 100 m to 500 m and on day 150

with magnitudes from 500 m to 100 m (see Figure 1a).
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Figure 1. Simulations of the least-square fitting method based on synthetic data, which
includes an SPW and westward and eastward Q5DOs with zonal wavenumber of 1. (a)
Daily variations of the SPW amplitudes. The phase of the SPW is 0. (b) The real
amplitudes of Q5DOs. Amplitudes are separately set as 100 m and 60 m for the
eastward and westward Q5DOs. (¢) Q5DOs obtained from the least-square fitting
method. The phases are -n/4 and n/5 for the westward and eastward Q5DOs,
respectively. (d) Same as (¢) but with phases of n/4 and -n/5 for the westward and
eastward Q5DOs.

Figure 1c presents the amplitudes of the westward and eastward propagating
Q5DOs fitted by the least-square fitting method. As shown in Figure lc, abnormal
fluctuations after day 100 and day 150 are captured, which correspond to the occurrence
of rapid large changes in the amplitudes of SPW. However, Figure 1¢ suggests that the
fitted Q5DOs are not largely influenced by the SPWs when rapid large changes are not
given in the amplitudes of SPWs (before day 100 or from day 120 to 150). Additionally,
Figure lc indicates that abnormal fluctuations in Q5DOs induced by SPWs are not
equivalent to two oppositely propagating directions. An enhancement and a decrease in
the amplitudes of westward and eastward propagating Q5DOs can be simultaneously
observed. Results shown in Figure 1d are the same as that in Figure 1c but are derived
based on different phases of the westward and eastward Q5DOs in the synthetic data,
where m/4, and -n/5 are given in the westward and eastward Q5DOs. Comparing the
results between Figures 1c and 1d, it is interesting to note that the effect of a rapid large

change in SPWs on the derived Q5DOs also depends on the phase relationships.
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Yamazaki and Matthias (2019) suggested that the effect of SPWs could be ignored when
the activities of QIODWs in the oppositely propagating direction were not
simultaneously enhanced. However, according to our simulations, this criterion is not
suitable for the analysis of Q5DOs with different phases. Our simulation indicates that
the influence of a quick and large change of SPW should not be ignored when extracting
Q5DOs during SSWs from satellite observations based on the least-square fitting
method. Thus, in this study, we develop a new fitting method to derive the Q5DOs by
suppressing the effect of a rapid and large change in SPWs.

3.2 New fitting method

Since the daily amplitude of SPW (A, (t)) cannot be directly derived when
Q5DOs exist, the primary goal of the new method is to eliminate the rapid and large
changes in Ay (t). The following steps are performed, where SPWs and Q5DOs are
considered within the same wavenumbers.

Step 1. Estimate the daily variations of SPWs.

Based on the definition of SPW, the phase ¢, should be a fixed value in each
window. Therefore, ¢, is first fitted based on y(x) = a; cos(kx — ¢;), where y(x)
is the time-averaged geopotential height in each 20-day window. Using the fitted phase
@, the daily amplitudes of SPW can be roughly estimated by the least-square fitting
based on equation (2), which equals equation (1).

Y(x,t) = [Ax(t) + B, cos(wt — ¢, + @) + B, cos(wt — @, — @y )] cos(kx — @y)
+[B, sin(wt — ¢, — ;) — B, sin(wt — @,, + @;)] sin(kx — ¢;) )
If we let ag(t) = Ax(t) + B, cos(wt — ¢, + @) + B, cos(wt — ¢, — @) , and

10
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by (t) = B, sin(wt — @, — @) — B,, sin(wt — ¢,, + @), equation (2) can be simply
expressed as equation (3):
Y(x,t) = ai(t) cos(kx — @) + b (t) sin(kx — @) (3)
However, the fitted amplitudes of SPWs, a(t), are not the true amplitudes of SPWs
(A (t)), which includes the aliasing from Q5DOs. According to the above two
equations, rapid and large changes in SPW amplitudes can only have impacts on the
values of a(t). Because the true values of A, (t) cannot be directly fitted due to the
aliasing of Q5DOs, our goal in Step 2 is to eliminate the rapid large changes in a; (t).
Step 2. Eliminate the large rapid changes in SPWs.
If we let Pg(t) =B, cos(wt— ¢, + @)+ B, cos(wt — @, — @) =
Pcos(wt — @), a,(t) in Equation (3) can be also expressed as,
a, (t) = A (t) + Py (t) = Ax(t) + Pcos(wt — @) 4)
The amplitude P and phase ¢ can be estimated by the least-square fitting via
equation (4). Taking the partial derivatives in time on both sides of equation (4), we
obtain equation (5):

57 a() = 340 + 3. P(®) 5)
where %A «(t) are the daily variations in the amplitudes of SPW. The primary goal of
Step 2 is to subtract large values of %A «(t) from a,(t) to eliminate the large
variations in a,(t). However, %Ak(t) cannot be obtained simply by %Ak(t) =

%ak (t) — %Pk (t), because %Pk (t) cannot be derived accurately when |% Ak(t)|

‘Gl

are large ( |” represents the absolute values). Nevertheless, the lower boundary of
the values in |%ak (t)| can be estimated when rapid large changes exist in SPWs

11
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(|%A k(t)| are large). The maximum value in |% ay (t)| will be at least larger than the
maximum value in %Pk (t) = —wPsin(wt — @), whichis wP. Thus, the value of wP
can be used as a threshold to determine rapid large changes in SPWs.

Therefore, when |%ak(t)| are larger than the threshold of wP, we subtract the
value of the corresponding %Ak(t) from all the following members of a;(t) to
obtain a new series of aj"(t). The %Ak(t) are estimated by %A,e{s“mated (t) =
%ak ) — %P,fmmated (t) , where pgstimated(py = p . cos(w(t + 1) — @pre) -
Instead of the P and ¢ fitted in the present window, the P, and @, fitted from
the previous one are used because the fitted P, and ¢, are not influenced by the
effect of rapid large changes in SPWs in the present window. Here, we have a new
series of ap®” (t) without rapid large changes in SPWs, as well as new fitted P and
@ for the next window.

Step 3. Fit the real amplitudes of Q5DOs.

After obtained the aj®”(t) and b(t) from Step 2, the reconstruction of the
original data Y'(x,t), which inhibits the rapid and large changes in SPWs, can be
reconstructed based on equation (6):

Y'(x,t) = ap®” (t) cos(kx — @) + by (t) sin(kx — ¢@y) (6)

Then, the real amplitudes and phases of the Q5DOs (B,,, B., ¢,,, and ¢, ) can be fitted

using the least-square fitting method via Y'(x,t) = B, cos(wt + kx —
¢w) + B, cos(wt — kx — ¢,) + C , where C is a constant.

Note that, the effect of small changes in SPWs cannot be eliminated sometimes

when |% ak(t)| are smaller than wP. These small changes in SPWs do not have

12
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significant effects on the fitted Q5DOs and their elimination depends on the phase
relationships between westward and eastward Q5DOs. Nevertheless, the Monte Carlo
simulations based on random phases of Q5DOs reveal that the fake fluctuations in

Q5DO amplitudes due to this effect will not exceed the value of 0.1wP.

4. Results and Discussions

4.1 Simulations

(a) SPW1

litude (
N W D
o O O
o O O

£

< 0 ' ' '
50 100 150 200 250

(b) Q5DO0s fitted by new method
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Figure 2. Simulations of the new fitting method based on synthetic data, which includes
an SPW and westward and eastward Q5DOs with zonal wavenumber of 1. (a) Daily
variations of the SPW amplitudes. The phase of the SPW is 0. (b) Q5DOs obtained from
the new fitting method. The amplitudes are 60 m and 100 m, the phases are -n/4 and

n/5 for the westward and eastward Q5DOs, respectively.
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Based on the new fitting method, we present the fitting result in Figure 2. As shown
in Figure 2b, the fitted amplitudes of the Q5DOs are generally consistent with the
amplitudes given in the original synthetic data. The apparent fluctuations in Q5DOs
induced by SPWs have been removed. Note that based on the new fitting method, the
fitted amplitudes are not dependent on the phases of Q5DOs. The new fitting method
will provide the same results as those shown in Figure 2b when Q5DOs have different
phases (not shown). Thus, the fitted amplitudes from the new method do not rely on the
phase relationships of those waves. Figure 2 demonstrates that the new method is
effective to suppress the effect of large rapid change in SPWs, while a further
experiment that synthetic data containing the enhancement of both SPWs and Q5DOs
is needed to demonstrate that the new method can properly capture the changes of
Q5DOs during SSWs. Besides, we also add signals of SPWs and Q5DOs with
wavenumber 2 in the synthetic data to approach the real situation in satellite
observations. Figure 3 shows the results of the further experiment. The synthetic data
used in Figure 3 consist of six components: SPWs with wavenumber 1 and 2 (SPW1
and SPW2), westward propagating Q5DOs with wavenumber 1 and 2 (W1 and W2),
and eastward propagating Q5DOs with wavenumber 1 and 2 (E1 and E2). The daily
variation of the amplitudes for SPWs and Q5DOs are separately shown in Figures 3a
and 3b. The phase of SPW1, SPW2, and W1, E1, W2, and E2 Q5DOs are respectively
set as 0, /6, -n/4, w/5, -n/4, and 7/3. Figures 3¢ and 3d present the fitting results for the
least-square fitting method and the new fitting method. As shown in Figure 3d, the

result manifests that the variations of Q5DOs can be captured based on the new method
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Figure 3. Simulations of the new fitting method based on synthetic data, which include
(a) SPW1 and SPW2 and (b) westward and eastward Q5DOs with zonal wavenumber
of 1 and 2. The phase of SPW1, SPW2, and W1, El, W2, and E2 Q5DOs are
respectively set as 0, n/6, -n/4, /5, -n/4, and n/3. (¢) Daily amplitudes of the fitted

Q5DOs obtained from the original least-square fitting method. (d) Daily amplitudes of
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the fitted Q5DOs obtained from the new fitting method.

Note that some sawtooth-shaped points can be seen in the fitting results in Figures
1, 2, and 3. The sawtooth-shaped points are caused by removing the linear declination
on the time series. This process needs to be done in both original and new methods to
eliminate the effect of seasonal trends in the observational data on the fitting of Q5DOs.
The sawtooth-shaped points can be eliminated in the simulation by not removing the
seasonal trends, but we keep them in both original and new methods in the simulations
in order to be consistent with the processes in dealing with the observational data.
4.2 Observations

The SPWs and TPWs can be both captured in the mesosphere region and their
origins have been reported in some previous studies. The mesospheric SPWs are usually
believed to be related to the upward wave signals from the troposphere and the lower
stratosphere which rely on the structure of the polar vortex (e.g., Harvey et al., 2018).
In addition, wave-wave interactions, gravity wave forcing, and auroral heating can also
generate mesospheric SPWs (e.g., Lu et al., 2018; Xu et al., 2013; Smith, 2003). The
mesospheric TPWs are generally considered as the result of atmospheric instabilities
and many recent studies have noticed the relationship between extremely strong TPWs
and SSW events (Liu et al.,, 2004; Ma et al., 2020; Yamazaki et al., 2021). The
mesospheric TPWs during SSWs can be also secondarily generated in situ by wave-
wave interactions (e.g., Xiong et al., 2018; Wang et al., 2021). Nevertheless, the trigger
mechanisms of mesospheric TPWs are still not fully understood due to a lack of long-

term and high-resolution observational data in this region. Thus, satellite observations

16



308

309

310

311

312

313

314

315

316

317

318

319

320

321

322

323

324

325

326

327

328

329

are widely used to reveal the feature of mesospheric TPWs. However, as indicated by
our simulations, the previous studies have ignored the effect of rapid and large changed
SPWs when calculating the variations of TPWs during SSWs. Using the geopotential
height data provided by the Aura/MLS measurement, we extract the variations of the
traveling Q5DOs at 60°N during Arctic SSWs. The effectiveness of the new fitting
method is discussed by comparing the results between the original least-square fitting
method and the new method. The daily amplitudes of the Q5DOs are obtained with the
largest value in the wave periods between 4 and 7 days. The fitting result is marked at
the end day of each 20-day window. The traveling Q5DOs with wavenumber 3 and the
amplitudes below 10 hPa are not shown due to their weak amplitudes. In the present
study, the pressure regions from 10 hPa to 1 hPa, from 1 hPato 0.01 hPa, and from 0.01
hPa to 0.001 hPa are respectively discussed as the stratosphere, mesosphere, and lower
thermosphere.

Since the observation of the Aura satellite is available after August 2004, the
variations of traveling Q5DOs are investigated during eight mid-winter major SSWs
from 2005 to 2021 in the present study. Table 1 presents the eight mid-winter major
SSWs with their onset dates. The date with the maximum positive temperature gradient
between 90°N and 60°N at 10 hPa is defined as the SSW onset date, which is obtained
around the date of the first wind reversal during each major event (e.g., Andrews et al.,
1987). Note that the onset date used in the present study is only to roughly determine
the commencement of SSWs and our discussions are not sensitive to the non-uniformed

definitions of SSW onsets (e.g., Butler et al., 2015). In the present study, the SSW in
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338

the winter of 2009/2010 is classified as a minor one, because the wind reversal occurred
18 days after the onset date. To be distinguished from the SSW in February 2018, the
SSW with the onset date of December 28, 2018, is discussed as the “2019 SSW” in this
study. The SSWs before 2013 have been widely studied in previous studies (e.g., Choi
et al., 2019; Charlton and Polvani, 2007; Butler et al., 2017; Liu et al., 2019; Rao et al.,
2019), details of the three major SSWs from 2018 to 2021 can be referred to many
recent reports (e.g., Rao et al., 2018, 2020, 2021; Wang et al., 2019; Davis et al., 2022;
Okui et al., 2021; Wright et al., 2021).

Table 1. Mid-winter major SSWs from 2005 to 2021.

SSW Onset Date First Wind Reversal Date
2006 January 22, 2006 January 21, 2006
2007 February 24, 2007 February 24, 2007
2008 February 23, 2008 February 22, 2008
2009 January 23, 2009 January 24, 2009
2013 January 6, 2013 January 6, 2013
2018 February 11, 2018 February 12, 2018
2019 December 28, 2018 January 2, 2019
2021 January 4, 2021 January 5, 2021
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Figure 4. The amplitudes of W1 (left column) and E1 (right column) Q5DOs during the
2008 SSW obtained by the original least-square fitting method (top row) and the new
fitting method (middle row). The differences between the new and original methods are
shown in the bottom row (¢ and f). Contour steps are 10 m.

Comparisons of fitted amplitudes of traveling Q5DOs are first shown in Figures 4
and 5, respectively for wavenumber 1 during the 2008 SSW and wavenumber 2 during
the 2013 SSW. Results for each case are given in 81 days, which is from 40 days before
to 40 days after the SSW onset date (day 0). Figure 4 presents the amplitudes of W1
and E1 Q5DOs obtained from both original (top) and new (middle) methods during the
2008 SSW. The differences are calculated by subtracting the fitting result of the original

method from the new method, which are given at the bottom of Figure 4. Amplitudes
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are not fitted in the white area where the available data are less than 60% in each
window. As shown in Figure 4a, the W1 Q5DOs fitted by the original least-square
fitting method reveal a significant response to the onset of 2008 SSW. The amplitudes
of the W1 Q5DOs in the mesosphere are larger than 500 m from day 0 to day 20 with
a maximum amplitude of 628 m on day 5. Figure 4b suggests that the amplitudes
obtained from the new method are lower than 500 m during the 2008 SSW. The
maximum amplitude obtained from the new method is 466 m on day 5, which is about
75% of the amplitude obtained from the original least-square fitting method. The
negative differences shown in Figure 4c are generally larger than 200 m from day 0 to
day 20 in the mesosphere, which indicates that the amplitudes of W1 Q5DOs after the
onset of 2008 SSW might be overestimated by the original least-square fitting method.
Nevertheless, positive differences larger than 100 m are also captured before the SSW
onset (day -15) around 1 hPa as shown in Figure 4c, which reveals that the amplitudes
of W1 Q5DOs obtained from the original method can be also underestimated during
the 2008 SSW. For the amplitudes of E1 Q5DOs during the 2008 SSW, the original
least-square fitting method may have an overestimation before the onset date and an
underestimation after the onset date. As shown in Figure 4f, the positive and negative
differences both have maximum amplitudes over 200 m in the mesosphere around the

onset date.
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Figure 5. Same as Figure 4 but for W2 and E2 Q5DOs during the 2013 SSW.

Figure 5 presents the same results as Figure 4 but for the amplitudes of W2 and
E2 Q5DOs during the 2013 SSW. As shown in Figure 5, strong enhancements of W2
Q5DO0s and weak amplitudes of E2 Q5DOs after the 2013 SSW are captured by the
original least-square fitting method. However, results from the new method after the
onset of 2013 SSW suggest that based on the original least-square fitting method, the
amplitudes of W2 Q5DOs might be overestimated and the amplitudes of E2 Q5DOs
may be underestimated. The maximum positive and negative differences are both over
100 m. In order to understand the common differences between the two methods, we
calculate the differences during the eight SSWs and present the results in Figures 6, 7,
8, and 9 for the W1, W2, E1, and E2 components, respectively.
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383  Figure 6. The differences in the fitted W1 Q5DO amplitudes between the new and

384  original methods during 8 major SSWs since 2006 (from a to h). Contour steps are 5 m.
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As shown in Figures 6 and 7, the difference in the fitted westward propagating
Q5DO amplitudes between the new and original methods are usually negative after the
SSW onsets, which suggests that the amplitudes of the westward propagating Q5DOs
might be overestimated by the original least-square fitting method after the SSW onsets.
However, the difference in the fitted eastward propagating Q5SDO amplitudes between
the new and original methods (as shown in Figures 8 and 9) are usually positive after
the SSW onsets, which indicates that the amplitudes of the eastward propagating
Q5DO0s might be underestimated by the original least-square fitting method after the
SSW onsets. Additionally, the E1 Q5DOs before the SSW onsets might be also

overestimated by the original least-square fitting method as seen in Figure 8. The
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enhancements of traveling Q5DOs during SSWs reported in previous studies are
usually westward propagating after the SSW onsets and eastward propagating before
the SSW onsets (e.g., Gong et al., 2018; Yu et al., 2022). Thus, our analyses indicate
that the previously-reported Q5DOs obtained by satellite measurements during SSWs
might be contaminated by SPWs. The amplitudes of the enhancement of Q5DOs during
SSWs might be overestimated. Additionally, the westward propagating Q5DOs before
the SSW onsets and the eastward propagating Q5DOs after the SSW onsets might be
underestimated by the original least-square fitting method. Therefore, in future studies
of the activities of Q5SDOs during SSWs based on satellite observations and reanalysis
data, the variations of different wave components in Q5DOs have to be carefully
derived by eliminating the effects of SPWs.

Generally, the TPWs, including the Q5DOs, dominate in the mesosphere and
lower thermosphere, which are enhanced seasonally during winter and spring times and
largely control the neutral winds and temperatures in the middle atmosphere (e.g., Gong
etal., 2018, 2019; Pancheva et al., 2018; Yamazaki et al., 2020, 2021). The vertical and
latitudinal propagation of the TPWs can also transport energies and lead to couplings
on a global scale (e.g., Koushik et al., 2020; Ma et al., 2022). Thus, extracting the real
amplitudes of the traveling waves is also important to reveal the characteristics in the
mesosphere and the vertical couplings in the middle atmosphere. Some extremely
strong TPWs are found to be related to the occurrence of SSWs, but their trigger
mechanisms have not been fully understood (e.g., Ma et al., 2020; Yamazaki et al.,

2021). However, the rapid and large change of the SPWs during SSWs can lead to
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contaminations when deriving the real amplitudes of TPWs based on satellite
observations or reanalysis data. The new method proposed in the present study can
capture a more accurate variation in the amplitudes of TPWs than the old one. The new
method is based on the examinations during SSWs due to the assumption that a rapid
and large change in SPWs is usually observed during SSWs. Nevertheless, the new
method can also be used to extract the amplitudes of TPWs in the mesosphere during
other seasons and cases, such as the spring final warmings and other disturbances in
stratospheric vortices. Based on the new method, the common feature of the TPWs
revealed by satellite observations in the mesosphere and lower thermosphere can be
reevaluated, and the trigger mechanism of the mesospheric TPWs during SSWs can be

further understood.

5. Summary and conclusions

In the present study, a new fitting method is developed to derive the variations of
traveling quasi-5-day waves (Q5DOs) by inhibiting the effect of rapid and large
changes in the amplitudes of stationary planetary waves (SPWs). The effectiveness of
the new method is demonstrated by both synthetic and observational data. According
to the simulations, the new method can capture the variations of the amplitudes of
traveling Q5DOs when large and rapid changes in SPWs are given. Based on the
geopotential height data measured by MLS onboard the Aura satellite, we compare the
difference of the traveling Q5DOs amplitudes between the original least-square fitting

method and the new fitting method in the middle atmosphere during eight Arctic major
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SSWs from 2005 to 2021. Our results indicate that the enhancements of traveling
Q5DO0s during SSWs reported in previous studies might be overestimated due to
ignoring the effect of large rapid changes in SPWs. Besides, the amplitudes of westward
propagating Q5SDOs before the SSW onsets and the amplitudes of eastward propagating
Q5DOs after the SSW onsets might be underestimated. Note that since the amplitudes
of SPWs cannot be derived accurately due to the aliasing of Q5DOs, the contribution
of the SPWs and Q5DOs during SSWs cannot be quantified in the present method. Our
goal is to attenuate the effect of SPWs on the derivation of Q5DOs during SSWs.
Future works are needed to examine the effectiveness of the new method by using
traveling planetary oscillations with other periods, such as the quasi-10-day and quasi-

16-day waves.
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