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Key Points:

e We find that weakening polar vortices and enhancing planetary waves caused increases in Sudden Stratospheric Warming (SSW)

events over the 41 winters (1979/1980-2019/2020), and vice versa.

e Within an overall increase in SSW events during this period, SSW duration and strength tended to increase from 1979 to 2001 and

then began to decrease from 2001 to 2020.

e The variation of Planetary Wave 1 (PW1) appears to be the main contributor to long-term trends of planetary waves as well as SSWs.
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Abstract: Utilizing the European Centre for Medium-Range Weather Forecast (ECMWF) Reanalysis v5 (ERA5), for the first time, we have
confirmed close links among Sudden Stratospheric Warmings (SSWs) in the Northern Hemisphere (NH), the polar vortices, and
stratospheric Planetary Waves (PWs) by analyzing and comparing their trends. Interestingly, within overall increasing trends, the duration
and strength of SSWs exhibit increasing and decreasing trends before and after the winter of 2002, respectively. To reveal possible
physical mechanisms driving these trends, we analyzed the long-term trends of the winter (from December to February) polar vortices
and of stratospheric PWs with zonal wave number 1. Notably, our results show that in all three time periods (the entire period of 41
winters, 1980 to 2020, and the two subperiods — 1980—-2002 and 2002—-2020) enhancing SSWs were always accompanied by weakening
winter polar vortices and strengthening polar PWs like Stationary Planetary Waves (SPWs) and 16-day waves, and vice versa. This is the
first proof, based on ERA5 long-term trend data, that weakening polar vortices and enhancing stratospheric PWs (especially SPWs) could

cause an increase in SSWs.
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1. Introduction

As the most dramatic stratospheric phenomenon, Sudden Strato-
spheric Warmings (SSWs) occur during extended winter, and
almost exclusively in the Northern Hemisphere (NH). When an
SSW happens, it is accompanied by polar warming of up to 50°C
over a week or two, and the normally strong wintertime westerly
stratospheric circulation breaks down in a few days, replaced by
weak easterly winds (Baldwin et al., 2021). SSWs occurring in the
polar stratosphere can affect the extratropical troposphere and
mesosphere, such as the tropospheric jet stream, storm tracks,
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and precipitation (O'Neill et al., 2015), and high-latitude cooling in
the mesosphere, along with a reversal of the zonal mean zonal
winds from easterly to westerly (the opposite as in the strato-
sphere) (Walterscheid et al., 2000). In addition to the extratropical
region, many studies have also revealed intensive impacts of
SSWs on planetary and tidal waves in the mesosphere and iono-
sphere above the mid-latitudes (Ma Z et al., 2017). Changes in
stratospheric mesospheric chemistry and zonal winds during an
SSW affect solar and lunar atmospheric tides, which in turn play a
key role in the coupling of SSWs with mesosphere and ionosphere
variability (Goncharenko et al., 2012; Chau et al, 2015). The
physics of SSWs also results in the dissipation of enhanced semidi-
urnal and lunar tides leading to global latitudinal cooling, which
significantly alters the circulation in the lower thermosphere (Liu
HX et al.,, 2014). Increasing observations have revealed strong
disturbances below and above the stratosphere in the low-lati-
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tudes and mid-latitudes (Pedatella et al., 2016). Moreover, recent
studies have suggested that SSWs could also lead to inter-hemi-
sphere responses (Yamazaki et al., 2020).

The important influences of SSWs on the global atmosphere have
led many researchers to investigate possible trigger mechanisms
(Polvani and Waugh, 2004; Scott and Polvani, 2006). The most
widely accepted theory is the wave-mean flow interaction
(Matsuno, 1971). When Planetary Waves (PWs) propagate upward
from the troposphere into the stratosphere, they can deposit heat
and momentum into the stratospheric atmosphere, then raise the
temperature and reduce the wind field (@ minor SSW), or even
cause a stratospheric wind field reversal (a major SSW). This
dramatic dynamical process can influence the polar and equatorial
meridional circulation and thus change the transportation of
constituents, such as ozone and other trace gases, then exert
impacts on atmospheric chemistry throughout the lower and
middle stratosphere (e.g., Baldwin and Holton, 1988; Manney et
al, 2009a; de la Camara et al., 2018). SSWs could also enhance
eastward gravity wave forcing and migrating of solar and lunar
semidiurnal tides, and could alter chemistry and dynamics in the
mesosphere, ionosphere, and thermosphere (Gong Y et al., 2018;
Li YX et al.,, 2021; Ning WH et al,, 2022; Zeng XY and Zhong G,
2024). Therefore, SSWs can affect the global atmosphere above
the troposphere.

It is now widely accepted that planetary wave propagation and
breaking play a key role in the triggering and evolution of SSWs
(Baldwin and Holton, 1988). Most SSWs are accompanied by
dramatic variations in PWs (Limpasuvan et al., 2004; Pogoreltsev
et al.,, 2015). Among different PW modes, quasi-stationary waves
and 16-Day Waves (16DWs) are believed to be the most important
contributors to SSWs (Gong Y et al,, 2019; Li W et al., 2021). The
effect of quasi-stationary waves in the stratosphere is to warm the
pole and decelerate the polar jet (Lin BD, 1982). As a significant
large-scale wave in the stratosphere, the traveling 16DW from the
troposphere can warm the polar stratosphere (Pancheva et al,,
2008; Coy et al., 2009). Moreover, different wave numbers of the
quasi-stationary waves and 16DWs determine the different types
of SSWs (Charlton and Polvani, 2007). Waves with zonal
wavenumbers 1 and 2 are observed generally to displace the
polar vortices poleward (Castanheira and Barriopedro, 2010) and
split the polar vortices (Martius et al., 2009), respectively. The
other important element in the triggering of SSWs is the polar
vortex (Ma Z et al., 2020). SSWs are usually a consequence of polar
vortex breakdown in the stratosphere (Matthewman et al., 2009);
a typical polar vortex is deemed to hinder the propagation of
tropospheric PWs into the stratosphere, thus impeding the onset
of SSWs (Ambaum and Hoskins, 2002; Solomon, 2014).

Most previous research (Manney et al., 2009b; Tao M et al., 2015)
on SSWs and their links to polar vortices and PWs has been based
on case studies; relatively few investigations have focused on long-
term patterns of change. Even fewer studies have compared long-
term trends of SSWs, polar vortices, and PWs. Therefore, although
case studies have improved our understanding of long-term
trends in SSWs, polar vortices, and PWs, links among these
phenomena and causes of the long-term variations of SSWs
remain unclear. It is well accepted that the main SSW trigger
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mechanism is probably an interaction of polar vortices and
upward propagating PWs. Therefore, the main purpose of this
study is to investigate long-term trends in SSWs and analyze
correlations between these trends and long-term variations of
polar vortices and PWs. The remainder of this manuscript is orga-
nized as follows. In Section 2, below, we introduce our data
processing methods. In Section 3, Results, we present long-term
trends of the SSWs, long-term trends of the polar vortices, and
long-term trends of planetary waves. All three subsections
present data from a specific period and note different trends in
that period. In the last section, we provide a summary of our anal-
yses.

2. Data and Methods

In this paper, temperature and zonal wind data are utilized to
investigate stratospheric SSWs and PWs, depending on the defini-
tion of SSW, the method of extracting perturbations, and the
process of fitting temperature/wind amplitudes; polar vortices are
investigated based on monthly averaged Potential Vorticity (PV)
data; like previous studies, we use PV data to represent the polar
vortex (Manney et al., 2011; Lawrence et al., 2015; Zhang MH et al.,
2019). Therefore, all the calculations about the polar vortices in
this paper are based on PV data and we use Potential Vorticity
Anomaly (PVA) data to represent the polar vortex anomaly (the
strength of the polar vortex). We use temperature, PV, and hori-
zontal winds data from the European Centre for Medium-Range
Weather Forecast (ECMWF) Reanalysis v5 (ERA5), a state-of-the-art
global atmospheric reanalysis (Hersbach et al., 2020), produced by
the Copernicus Climate Change Service (C3S). The dataset is
archived on a global grid with high spatial resolution (0.25° longi-
tude x 0.25° latitude) and 37 pressure levels (1000 hPa correlation
coefficient hPa), currently available from January 1940 to the
present. The vertical resolution of the data varies from several
hundreds of meters in the troposphere to ~5 km at the
stratopause. To compare our results quantitatively with previous
work by Li Y et al. (2023), Li YP and Wen ZP (2021, 2022), Hu DZ et
al. (2019), Tang WT et al. (2021), etc., which were based on data
from the Modern-Era Retrospective Analysis for Research and
Applications version 2 (MERRA2), we limit this study to ERA5 NH
reanalysis data from December 1979 to February 2020, matching
the same time period and geographic region they studied.

We calculate daily averages of the original 6-hourly data to identify
SSWs. An SSW event is identified based on the World Meteorologi-
cal Organization (WMO) definition: the zonal mean temperature
gradient between 90°N and 60°N becomes positive, and the posi-
tive gradient lasts more than 5 days at 10 hPa levels. There are two
types of SSWs — a major SSW, accompanied by a (zonally-aver-
aged) wind reversal at 60°N at 10 hPa; a minor SSW, for which
there is only a temperature gradient inversion but no zonal wind
inversion at 10 hPa. The Final Stratospheric Warming (FSW) each
year is the warming accompanied by zonal wind speed gradient
reversal that does not again reverse. SSWs usually occur in the NH
winter, while FSWs occur from March to May. Our paper focuses
mainly on SSWs and how they are related to polar vortices and
planetary waves. Therefore, two additional criteria are employed
here to avoid overestimating the number of midwinter SSWs.
First, to avoid double counting, we check if a previous SSW has
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been recorded in the 5 immediately preceding days; if so, an inter-
val of 20 consecutive days with westerly winds must exist before
the following central date can be defined (Charlton and Polvani,
2007). Second, to ensure that no FSW (the earliest occur in March)
is counted, this study includes no events detected after the end of
February, a criterion that differs from Charlton and Polvani (2007).

In our study, we choose two parameters to describe the character-
istics of SSWs. One is their duration — the number of days when
the temperature gradient between 60°N and 90°N at 10 hPa
becomes reversed. The other is the SSW’s strength — defined as
the maximum daily mean temperature gradient between latitudes
60°N and 90°N at 10 hPa. More detailed definitions of the duration
and strength of SSWs are referred to Li YP et al. (2018). For exam-
ple, as shown in Figure 1, which portrays the 2018-19 SSW, the
stratospheric temperature began to warm in December 2018, the
zonal mean temperature at 90°N reaching its maximum on
December 28. Thus, according to the above SSW duration
(defined by the meridional temperature gradient at 10 hPa), only
one SSW event — confined to December and January — occurred
in the winter of 2018-2019. The onset day was December 25,
2018, and the date of decay was January 16, 2019, so the duration
of the single SSW in that year was 23 days. The maximum daily
temperature difference (outbreak day) occurred on December 28,
2018: the temperature at 10 hPa height was 260.0 K at 90°N; it was
226.2 K at 60°N, a difference of 33.8 K. So, by the strength defini-
tion, the strength of the sole SSW in the winter of 2018-2019 was
33.8 K. The SSW's wind field reversed on January 3 and remained
reversed until January 16.

As we know, the interaction of polar vortices and upward propa-
gating planetary waves is proposed to be the main trigger mecha-
nism for SSW; and SSWs are usually thought to be a consequence
of polar vortex breakdown. Thus, we will study long-term trends

270

in polar vortices and PWs in the following context. Since PV is
conserved and advected along isentropic surfaces, in the absence
of diabatic heating and friction, we use polar PV-based measure-
ments between 60°N and 90°N to diagnose the intensities of the
polar vortices (Nash et al, 1996). The Potential Vorticity Unit
(PVU,1PVU=10"°K-m?-s"' -kg™") is used to define PV intensi-
ties. We take the monthly and zonal mean PV intensities, averaged
over 60°N and 90°N, from ERAS5 as characterizing the polar vortex
in the NH. The composite annual variation in the polar vortex, in
each of the three winter months, averaged over 41 winters, is
taken as the monthly mean polar vortex. Then, the polar vortex
anomaly, i.e., PV’ (PVA for a specific winter month), is calculated by
subtracting the 41-year monthly mean PV in the same month
from that year’s polar vortex. Then, for each year, we calculate the
mean PV'in the three winter months as the annual mean polar
vortex anomaly.

The other important element in the triggering of SSWs is the plan-
etary wave. Among different planetary wave modes (Matthias et
al.,, 2012; Sassi et al., 2012; Huang CM et al., 2021; Ma Z et al., 2024),
Stationary Planetary Waves (SPWs) and 16DWs are considered to
be the most closely related to SSW events (Vineeth et al.,, 2009;
Limpasuvan et al.,, 2016; Gong Y et al., 2019). Temperature pertur-
bations of SPWs are extracted by the following steps: (1) A zonally
averaged temperature is removed, as the background compo-
nent, from the monthly averaged temperature; then the residual
components can be thought to be the stationary wave compo-
nents with different zonal wavenumbers; (2) For specific height
and latitude, the height and latitude dependent wave amplitudes
of stationary waves with wavenumbers 1 and 2 are determined by
a harmonic fitting on the residual components, according to
Equation (1) (Wu DL et al., 1995):

T'(A) = A cos(sA + @), (1M
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Figure 1. Winter of 2018-2019, December 1 to February 28. Daily mean temperatures at 90°N and 60°N, measured at 10 hPa heights; zonal wind
at 60°N, also at 10 hPa. Black dashed vertical lines from left to right represent, respectively, the onset, outbreak, and decay of the single Sudden
Stratospheric Warming (SSW) event that occurred in 2018-2019. The two black dashed horizontal lines (from top to bottom of the temperature
axis, left) represent, respectively, the temperatures at 90°N and 60°N at 10 hPa on the outbreak date. The green dashed vertical lines from left to
right represent, respectively, the beginning and end of zonal mean wind reversal during the 2018—2019 SSW. The green dashed horizontal line

marks the position of zero wind.
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where T'(A) is the longitudinal dependent temperature fluctuation
of SPWs; A, s, and ¢ represent amplitude, zonal wavenumber, and
initial phase for the SPW oscillation, respectively. Here, we choose
s =1 and = 2 to represent SPWs with zonal wavenumber 1 and 2,
respectively; A is the longitude. The average amplitude of the
three months is taken as the amplitude of the SPW with zonal
wavenumber 1 (SPW1) and the SPW with zonal wavenumber 2
(SPW2) in each year, and then their trends are calculated.

To extract the monthly amplitudes of the 16DW at each pressure
level and each latitude bin, the background temperature (deter-
mined by a linear fitting within a 30-day window centered at the
central day of a month) was removed. Then, the 16DW amplitude
and phase with specific wavenumbers were extracted from the
residual temperature fluctuation by a harmonic fitting,

T'(t,A) = A cos((2n/o)t + sA + @), (2)

where T'(t, A) is the temperature fluctuation within a 30-day
window; o is the wave period, chosen to be 16 days of 16DW; t is
the universal time. Since anomalies of wavenumbers 1 and 2
contribute the most to the 16DW in midwinter, and precede SSWs
of both the displacement and the split types, here we chose s =
-2, -1 to denote westward propagating waves with zonal
wavenumbers 2 and 1, and s = 1, 2 denote eastward propagating
waves with zonal wavenumbers 1 and 2, respectively, to separately
fit the 16DWs with the different zonal wavenumbers. For each
winter month, all 16DWs with zonal wavenumber 1 (16DW1)
amplitudes (including eastward 16DW1 and westward 16DW1)
are added together as 16DW1 amplitudes for each month. The
average amplitude of the three months is taken as the amplitude
of 16DW1 in the year, and then the trend is calculated. Take
December 2018, when the SSW occurred, as an example. We have
plotted the temperature at 10 hPa and 60°N to demonstrate the
fitting of SPW1 and 16DW1. For the 16-day wave, in Figure 2b, we
arbitrarily selected longitude 60°E to show its temporal variation.
For SPW1, it can be clearly seen in Figure 2a that SPW1 mainly
presents the characteristic of zonal wave number 1 with an ampli-
tude of approximately 22.4 K. For the fitted propagating 16-day
waves with zonal wavenumber 1 (16DW1), Figure 2b shows that
the amplitude of eastward 16DW1 (E1) and westward 16DW1 (W1)
were 5.1 K and 5.2 K, respectively. The resultant amplitude was
5.2K.

3. Results

3.1 Long-term Trends of the SSWs

Figure 3 presents the durations and temperature differences of all
SSWs (including both major and minor warmings) in each
midwinter from 1980 to 2020. An SSW's duration is the number of
days in which the warming was observed; the event’s temperature
difference measures its strength. No SSWs were observed in 1986,
1993, 1997, 2011, and 2014. We note that both the durations and
temperature differences of SSWs exhibit significant inter-annual
variation, implying that SSW triggering mechanisms are likely to
be complex. The duration maximum (34 days) appeared around
2002 (December 2001—February 2002); the minimum (1 day) was
observed around 2000 (December 1999-February 2000). The
temperature difference maximum (68.0 K) and minimum (2.1 K)
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Figure 2. (a) The longitude variations of temperature at 10 hPa at
60°N in December 2018. The solid black curve, black dashed line, and
red curve are the longitude-dependent monthly averaged
temperature, zonal mean of the monthly averaged temperature, and
fitted Stationary Planetary Wave with zonal number 1 (SPW1),
respectively. (b) The time variations of temperature at 10hPa at (60°N,
60°E) from December 1, 2018, to December 31, 2018. The solid black
curve and black dashed line are the raw temperature data and linear
trend, respectively. Red dotted curve, red dashed curve, and red solid
curve are the fitted Westward propagating 16-day waves with zonal
wavenumbers 1 (W1), the fitted Eastward propagating 16-day waves
with zonal wavenumbers 1 (E1), and the fitted propagating 16-Day
Waves with zonal wavenumbers 1 (16DW1), respectively. The right
vertical axis represents the fitted SPW1 and 16DW1 by temperature in
units of K degrees.

occurred in the same years as the duration maximum and mini-
mum — 2002 and 2000, respectively. Besides the correlation
between the highest and lowest SSW durations and temperature
differences, lower temperature difference peaks in 1987, 1998,
2003, and 2006 were also associated with longer SSW durations.
These results indicate a high correlation (correlation coefficient of
0.74) between an SSW’s duration and its zonal mean temperature
difference; thus, either parameter could well and consistently
characterize the SSWs and their inter-annual variations (Li YP and
Wen ZP, 2021, 2022). Although there are intricate inter-annual
variations over the 42 years, a small positive trend in SSW duration
and strength can still be found: linear fittings, after discarding the
no-SSWs years, indicate positive trends of 1.39 days per decade in
SSW duration and 0.42 K per decade in temperature difference
with a confidence interval of 95%, which is consistent with previous
studies (Charlton-Perez et al., 2008; McLandress and Shepherd,
2009).

Although both the duration and strength of the SSWs exhibit
weak increasing trends over the period 1980-2020, a previous
paper by Manney et al. (2005) has argued that SSWs in the period
between 1998 and 2004 had the highest SSW activity, suggesting
that there may have been different trends before and after
1998-2004. Figure 3 presents compelling new evidence that
remarkable winter peaks did indeed occur around the year 2002

Li QR and Zhang SD et al.: Long-term variation of SSWs and causes
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Figure 3. Duration (a) and temperature difference (b) of all SSWs in the midwinter from December 1979 to February 2020. The solid lines
represent the overall linear fittings after discarding the no SSWs years; the dashed lines represent the piecewise linear fittings.

(December 2001—February 2002), which suggests that, indeed,
the long-term SSW trend is not a monotonical increase with time.
As mentioned above, although there are consistently increasing
trends in both parameters over the 42 years, it can be observed
that before 2002, both the duration and temperature difference
increased, while after that, they decreased, again uniformly.
Therefore, we perform piecewise linear fittings on both parameters
by taking the time 2001/2002, when both parameters have maxi-
mum values, as the temporal inflection point. Here we have
named the fore part to be December 1979 to February 2002; the
latter part is from December 2001 to February 2020. The
segmented trends are shown in Figure 3 by dashed lines. The
segmented trends are, respectively, 1.9 days per decade (6.3 K per
decade) before 2002 and —5.3 days per decade (-6.1 K per
decade) after 2002 in duration (temperature difference). Only the
temperature difference in the front segment has a confidence of
95%.

3.2 Long-term Trends of the Polar Vortices

In this section, we investigate the long-term trend of polar
vortices over the same period of study. Figure 4a shows the time
series of the annual mean PVA in the three winter months,
between 60°N and 90°N, at different height ranges over the entire
41 winters from December 1979 to February 2020. Although here
again there is interannual variability, it is noteworthy that the
anomaly above 10 hPa varies from —200 PVU to 200 PVU with an
obvious decreasing trend over the 42 years. For instance, before
2002, in all height ranges, the Potential Vorticity Anomalies (PVAs)
were primarily positive; after 2002, they were primarily negative.
The overall relative variations in the 42 years were —22.4%,

Li QR and Zhang SD et al.: Long

—17.6%, —5.1%, and —4.9% in the ranges of 10-5 hPa, 10—7 hPa,
20-10 hPa, and 30-10 hPa, respectively. All the Mean Absolute
Percentage Errors during 1980—2020 are less than 8%, suggesting
the following link between SSW events and the polar vortices: a
decreasing polar vortex trend appears to lead to an increase in
SSW intensity and duration. The variation here is the result of the
linear fitted trend after multiplying by time; the relative variation
is then normalized — which is to say, divided by the 41-year-
mean of the winter values.

An apparent trend reversal in the PVA occurred around the 2002s,
opposite to the corresponding SSW trends. In Figure 4b, we
present the fitted relative variation in the fore and latter time peri-
ods at different height ranges. To display the relative variation
more clearly, we set the reference 2002 PVA to 0. Figure 4b clearly
demonstrates that, at all concerned height ranges, the PVAs
consistently exhibit negative trends in the fore part and positive
trends in the latter part, opposite to the SSW trends, further
confirming that the polar vortex and SSW are closely related.
Moreover, it is obvious that the higher the height range, the more
significant the declining (increasing) trend in the fore (latter) part.
Quantitatively, the most significant relative trends in 10-5 hPa
exceed (F) 9% during 1980-2002 (2002-2020), while, in the
height range of 30—10 hPa, the magnitude of the negative (posi-
tive) change drops to —6% (4%) in the fore (latter) part. All the
Mean Absolute Percentage Errors during 1980—-2002 (2002—2020)
are less than 7% (9%). Many researchers have also reported the
weakening of the stratospheric polar vortex in the recent several
decades (Cohen et al,, 2014; Kim et al,, 2014; Zhang MH et al.,
2019). Besides, Reichler et al. (2012) also revealed a correlation
between variations in the weak vortex and the frequency of SSWs,

-term variation of SSWs and causes
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Figure 4. (a) The curves denote the monthly mean Potential Vorticity Anomalies (PVAs) from December 1979 to February 2020. (b) The
piecewise linear fittings of annual winter and zonal mean PVAs averaged over 60°N-90°N at different height ranges in the fore and latter parts of
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especially the record during the 2000s.

3.3 Long-term Trends of Planetary Waves

The other important phenomenon that appears to be involved in
the triggering of SSWs is planetary waves. According to past studies
(Gong Y et al.,, 2019; Li W et al., 2021), the waves that contribute
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the most to SSW triggering are the SPW and the 16DW; therefore,
here in our analyses, we focus on the SPW and the 16DW only. The
SPW and 16DW trends, below, were calculated by a linear fitting
of the zonal mean planetary wave amplitude in the time domain
at each barometric surface and latitude. Figure 5 displays the long-
term trends for SPW1 in the annual winter mean temperature
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Figure 5. Latitude-pressure sections of the long-term trends (unit: K per year); contour intervals are 0.02 K per year for (a), (b), and (c) of the

annual winter mean stationary planetary wave temperature amplitude with

wavenumber 1 (SPW1). From (a) to (c) are the trends for 1980-2020,

1980-2002, and 2002—-2020, respectively. The solid and dashed contours denote the positive and negative trends, respectively. Cyan stippling
indicates results above 90% confidence level according to the two-sided Student’s t-test.
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amplitude, as a function of pressure and latitude, from a linear
regression analysis over three durations, i.e., the winters of 41
years (1979/1980-2019/2020), the fore part of that time period
(1979/1980-2001/2002), and the latter part (2001/2002—
2019/2020). As shown in Figure 5a, SPW1 exhibits a prominent
positive trend in the wide latitude range from 50°N to 90°N and in
the whole pressure range from 500 to 1 hPa, with statistically
significant peaks of ~0.06 K per year at ~65°N, 1 hPa. Besides,
statistically significant positive areas also appear in the tropo-
sphere at latitudes higher than 65°N, suggesting a link between
the SPW1 and SSWs, at least in the troposphere: the strengthening
trend of the SPW1 might also be a possible factor in the SSW
trends of increasing intensity and duration.

Notably, consistent with the SSWs, the SPW also exhibits a piece-
wise variation within the 41-winter overall increasing trend.
Above 10 hPa, the SPW1 rises until 2002 and then is seen to
decrease slowly. In the fore part, before 2002, the SPW1 trend is
consistently positive from the troposphere to the stratosphere
above most latitudes; the positive trend is statistically significant
in almost the whole height range, from 50°N to 90°N, with a
pronounced trend peak of 0.20 K per year at 5 hPa, around latitude
65°N. However, referring to Figure 5c (i.e., after 2002) the SPW1
trend is negative at most altitudes and latitudes, consistent with
the trend of SSW parameters and contrary to the overall polar
vortex trend. Although the largest negative trend does not reach
90% confidence, its maximum negative trend is as great as
—0.22 K per year at 3 hPa, near 62.5°N. As to the few statistically
significant negative trends observed at the edge of the Arctic
polar region, around 5 hPa and below 300 hPa, the negative peaks
are far weaker than the positive peak trend before 2002, confirming
that the 42-year overall trend is strengthening. However, the posi-
tive trend is small and lacks sufficient statistical confidence close
to the north pole below 20 hPa. Such a segmented trend, with an
inflection point in the early 2002s, has also been reported by Hu
DZ et al. (2019). In general, the results shown in Figure 5 further
confirm the close link between the SPW1 and SSW. Apart from
that, we also calculated the trend of SPW2 (not presented), finding
that the SPW2 trends are rather weak and lack sufficient confi-
dence. Therefore, we propose that, for the SPW, the main contrib-
utor to the variation in the duration and magnitude of SSWs is
likely to be the SPW1.

To investigate further possible links between SSWs and the SPW,
in Figure 6 we present correlation coefficients between winter
mean SSW duration and SPW1 amplitudes, for the three periods
mentioned above. On the whole, for all three periods, the latitudi-
nal and height distributions of the correlation coefficients are
dominated by significant positive correlations; in the troposphere,
all the peak correlation coefficients exceed 0.5. Moreover, the
larger positive correlation coefficient region in Figure 6 coincides
with the region where the SPW1 trend is statistically significant (as
shown in Figure 5). In Figure 6a, the maximum correlation coeffi-
cient reached 0.56 around 2 hPa at 57.5°N for the entire 42-year
period. In the fore part, the positive correlation has more signifi-
cantly positive values in a height range from 500 to 1 hPa at mid-
high latitudes, with peaks of 0.71 at 2 hPa around a latitude of
55°N and 0.60 at 500 hPa around a latitude of 60°N. The maximum

positive correlation coefficient can reach 0.51 located at 87.5°N at
70 hPa in the later time segment. We note that in the subperiods
of 1980-2020 and 1980-2002, the correlation coefficients are
statistically significant at almost all latitudes and heights. As to the
period from 2002 to 2020, at least three regions meet 90% confi-
dence: 60°N-72.5°N at 300-200 hPa, 82.5°N-87.5°N at 100-
50 hPa, and 50°N to 75°N at 3—2 hPa. In short, the results shown in
Figure 6 further verify a close link between the SPW1 and SSWs. In
addition, we also calculated the correlations of SPW2 with SSW
duration in these three periods; as expected, the correlation coef-
ficients are rather weak and lack sufficient confidence.

To investigate whether the 16-day waves affect SSWs or not, we
examine Figure 7 for the trends of 16DW1 and Figure 8 for the
correlation with SSWs, where the scale measure is exactly the
same as for SPW1. Similar to the SPW, Figure 7a confirms that the
16DW exhibits a significantly positive trend in most latitudinal and
height regions over the entire 42-year period, consistent with the
previous study by Tang WT et al. (2021). The peak trend of 0.05 K
per year from December 1979 to February 2020 in 16DW1 is
slightly less than that of SPW1, implying that the 16DW1 may also
exert non-negligible effects on the trend of SSWs over the 42-year
period. Figure 7b illustrates that in the fore part, although the
positive trend is also prominent, as in the case of the SPW, there
are also distinctions between the 16DW1 and SPW1 trends. For
instance, the prominent positive contribution of 16DW1 s
concentrated mainly at latitudes higher than 70°N and above
5 hPa in the fore part, which is apparently different from the
apparent SPW1 contribution pattern. Moreover, the maximum
positive trend in 16DW1 is only 0.09 K per year, far smaller than
that of the SPW1 in the fore part, suggesting that, compared with
the SPW1 contribution, the 16DW1 played only a minor role in
SSW events in the fore part. Moreover, the 16DW1 also exhibits an
obvious negative trend, with a negative peak trend of -0.03 K per
year at 77.5°N at 225 hPa. With respect to the latter part in Figure
7¢, the negative trend is also obvious in the 16DW1 temperature.
But, distinguished from SPW1, the negative trend region occurred
in the latitudes higher than 80°N and above 5 hPa, with a peak
value of ~—0.09 K per year. However, there is sufficient statistically
significant data here, in combination with the SPW1 trend analysis
in the post-2002 years, for us to suggest that the SSW decline after
2002 may be attributable to the decreasing trend of the 16DW1.
Besides, the relatively weak positive trend above, satisfying statis-
tical confidence below 10 hPa, can also be observed, with a peak
value of about 0.08 K per year. Generally, the 16DW1 trends in all
three periods are consistent with those of the SPW1, suggesting
non-negligible influences of 16DW1 on SSWs. Moreover, the trend
(not presented) of the 16-day wave with zonal wavenumber 2
(16DW?2) is also inappreciable, relative to the 16DW1, just as in the
SPW.

Figure 8 displays the correlation coefficients of winter mean SSW
duration and 16DW1 amplitudes over the three periods
mentioned above, allowing us to examine further their linkage.
Overall, similar to the SPW1 correlations, significant positive corre-
lations are observed in all three time periods, with maximum posi-
tive values larger than 0.5. For example, the largest correlation
coefficient in the latter part — larger than 0.8 — is observed at 30
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Figure 6. Latitude-pressure sections of the correlation coefficients between the winter mean duration of SSW and winter mean Stationary
Planetary Wave temperature amplitude with wavenumber 1 (SPW1) (contour intervals are 0.1 for all panels). From (a) to (c) are the correlation
coefficients in the periods of 1980—2020, 1980—-2002, and 2002—-2020, respectively. The solid and dashed contours denote positive and negative
correlations, respectively. Cyan stippling indicates results above 90% confidence level according to the two-sided Student's t-test.
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Figure 7. Latitude-pressure sections of the long-term trends (unit: K per year); contour interval is 0.02 K per year for (a), (b), and (c) of the annual
winter mean 16-Day Wave with wavenumber 1 (16DW1) temperature amplitude. From (a) to (c) are the trends for 1980-2020, 1980-2002, and
2002-2020, respectively. The solid and dashed contours denote the positive and negative trends, respectively. Cyan stippling indicates results
above 90% confidence level according to the two-sided Student’s t-test.
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Figure 8. Latitude-pressure sections of the correlation coefficients between the winter mean duration of SSW and annual winter mean 16-Day

Wave with wavenumber 1 (16DW1) (contour intervals are 0.1 for all panels). From (a) to (c) are the correlation coefficients in the periods of

1980-2020, 19802002, and 2002—2020, respectively. The solid and dashed contours denote the positive and negative correlations, respectively.
Cyan stippling indicates results above 90% confidence level according to the two-sided Student's t-test.

hPa above 90°N. Most importantly, the significant positive correla-
tions in all three periods were above 90% confidence level. These
results suggest that the impact of 16DW1 on SSWs over the 41
winters (1979/1980-2019/2020) is also non-negligible, consistent
with the Aura satellite study reported by Gong Y et al. (2019).
There are also evident differences in the correlation coefficients
between SPWs and SSWs. For instance, the positive correlation
between 16DW1 and SSW is limited mainly to latitudes higher
than 80°N and altitudes above 10 hPa. In other latitude and altitude
ranges, the correlation is mainly negative.

4. Summary

In this paper, we utilize ERA5 data from December 1979 to February
2020 to reveal changes of SSWs in the NH and to try to identify
and quantify factors that may be driving those changes. Our
primary findings are summarized as follows. Over the 42 years
examined here, SSWs exhibit trends of increasing duration (1.39
days per decade) and temperature gradient (0.42 K per decade),
which are consistent with previous results (Li Y et al, 2023).
However, our results also reveal that, within this long-term
pattern, an inflection point occurred roughly in 2002: SSW dura-
tions and temperature gradients increased before 2002 but
decreased after 2002, though they remained higher than in 1979.
Li YP and Wen ZP (2022) also discovered that SSW duration and
strength tended to increase from 1948 to 2003. After 2003, these
increasing trends did not persist.

We studied polar vortices and planetary waves as possible mecha-

nisms driving the observed long-term variations in SSW strength
and duration. We found an attenuating trend in the polar vortex
below 30 hPa for the whole duration of 1980-2020. Interestingly,
in all different pressure ranges in 30—5 hPa, the strengths of the
polar vortex in the winter became uniformly weaker until 2002
and then became stronger. The closer the height range to 5 hPa,
the more significant the decreasing (increasing) trend of the polar
vortex before (after) 2002. Hu DZ et al. (2018) also found that the
stratospheric polar vortex strengthened during 1998-2016,
contrary to its weakening trend prior to that period.

Notably, the long-term variations of SPW1s and 16DW1s correlate
well with those of SSWs. Wave amplitudes of both of these PWs
(with zonal wavenumber 1 components) exhibit increasing trends
over the entire period from 1980 to 2020. Within that period, their
amplitudes trended upward until 2002 and began to decline
thereafter. However, despite their similar trends, the magnitudes
of neither the SPW2 nor 16DW2 trends are substantial enough to
explain the similar SSW trends over these periods. We suggest
that only the trends of the PW1s satisfy sufficient statistical confi-
dence to be likely causes of the observed SSW trends. In particu-
lar, we can assert that PW1 is likely to prove to be the primary
contributor to the long-term trends of the PWs as well as the
SSWs. Finally, although 16DW1 may play an important secondary
role in SSW trends, the magnitude and statistical significance of
SPW1 trends, correlated to SSW trends in the period of
1980—-2002, suggest that SPW1 may have the most prominent
effect on SSWs.
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In summary, our results clearly demonstrate for the first time that,
over different periods, the increasing (decreasing) trends of both
the SSW duration and temperature difference are always accom-
panied by the decreasing (increasing) polar vortex and increasing
(decreasing) planetary waves in winter. This strongly suggests
that long-term variations of polar vortices and planetary waves
(especially those of the SPW) significantly impact the SSWs.
Consistent with previous studies, this analysis of ERA-5 data
implies that the planetary wave-polar vortex interaction is remark-
ably successful in explaining (at least qualitatively) not only the
triggering of SSWs but also the variations in the duration and
magnitude of SSWs.
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