Atmos. Chem. Phys., 24, 10893—-10919, 2024
https://doi.org/10.5194/acp-24-10893-2024

© Author(s) 2024. This work is distributed under
the Creative Commons Attribution 4.0 License.

Atmospheric
Chemistry
and Physics

Introduction

Observational perspective on sudden stratospheric
warmings and blocking from Eliassen—Palm fluxes

Kamilya Yessimbet!-?, Andrea K. Steiner'-?, Florian Ladstidter!, and Albert Ossé'

lWf:gener Center for Climate and Global Change, University of Graz, 8010 Graz, Austria
2FWF-DK Climate Change, University of Graz, 8010 Graz, Austria

Correspondence: Kamilya Yessimbet (kamilya.yessimbet@uni-graz.at)

Received: 4 December 2023 — Discussion started: 25 January 2024
Revised: 31 May 2024 — Accepted: 13 July 2024 — Published: 27 September 2024

Abstract. In this study, we examine eight major boreal sudden stratospheric warming (SSW) events between
2007 and 2019 to understand the vertical coupling between the troposphere and stratosphere as well as the
relationship between SSWs and blocking events using global navigation satellite system (GNSS) radio occul-
tation (RO) observations. Our study covers the main aspects of SSW events, including the vertical structure of
planetary-wave propagation, static stability, geometry of the polar vortex, and occurrence of blocking events. To
analyze wave activity and atmospheric circulation, we compute the quasi-geostrophic Eliassen—Palm (EP) flux
and geostrophic winds. The results show that the observations agree with theory and previous studies in terms of
the primary dynamic features and provide a detailed view of their vertical structure. We observe a clear positive
peak of upward EP flux in the stratosphere prior to all SSW events. In seven out of eight events, this peak is
preceded by a clear peak in the troposphere. Within the observed timeframe, we identify two types of downward
dynamic interactions and the emergence of blocking events. During the 2007 and 2008 “reflecting” events, we
observe a displacement of the polar vortex along with a downward propagation of wave activity from the strato-
sphere to the troposphere during vortex recovery, coinciding with the formation of blocking in the North Pacific
region. Conversely, in the other six SSW “absorbing” events from 2009 to 2019, which were characterized by a
vortex split, we observe wave absorption and the subsequent formation of blocking in the Euro-Atlantic region.
The analysis of the static stability demonstrates an enhancement of the polar tropopause inversion layer as the
result of SSWs, which was stronger for the absorbing events. Overall, our study provides an observational view
of the synoptic and dynamic evolution of the major SSWs, their link to blocking, and the impact on the polar
tropopause.

mediated by the reflection of planetary wave activity from

In winter, dynamical coupling between the troposphere and
stratosphere, in particular the stratospheric polar vortex
(SPV), is an important source of surface climate variability.
The coupling is mediated by wave-mean flow interactions
and often occurs via the downward progression of zonal-
mean anomalies following large SPV anomalies (Baldwin
and Dunkerton, 2001). These downward anomalies can in-
duce a change in the tropospheric circulation with patterns
that resemble the annular modes (Baldwin and Dunkerton,
1999, 2001). In another view, the downward influence is

the stratosphere into the troposphere (Hines, 1974; Geller
and Alpert, 1980; Perlwitz and Harnik, 2004; Matthias and
Kretschmer, 2020; Messori et al., 2022).

In this study, we focus on connections between sudden
stratospheric warming (SSW) events, i.e., extreme cases of
SPV variability, and atmospheric blocking, i.e., persistent
high-pressure systems that interrupt the regular westerly flow
at midlatitudes. We adopt two distinctive classifications for
SSWs. Depending on the SPV geometry, the first classifi-
cation categorizes them into displacement and split events.
In the displacement type of SSWs, the polar vortex is dis-
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placed away from the pole, and in the split type, the po-
lar vortex breaks up into daughter vortices (Butler et al.,
2017). The second classification divides SSWs into reflect-
ing and absorbing events based on the planetary-wave activ-
ity evolution (Kodera et al., 2016). Reflecting SSW events
are characterized by the downward reflection of planetary
waves from the stratosphere into the troposphere, whereas
absorbing events indicate non-reflecting stratospheric condi-
tions, implying wave absorption by the stratosphere, during
SSW recovery. While the former classification describes the
SPV behavior during the mature phase of SSWs, the latter
describes the behavior of planetary-wave activity during the
recovery phase of SSWs, with a more pronounced focus on
their impact on the troposphere.

In terms of the impacts on the troposphere, reflecting SSW
events have been linked to the occurrence of North Pacific
blocking, while absorbing SSWs have been associated with
a hemispheric near-surface pattern of relatively high pressure
over the polar region and low pressure in the midlatitudes that
resembles the negative phase of the Arctic Oscillation (AO)
(Kodera et al., 2016). Some studies have suggested that the
split and displacement types of SSW events may also lead to
different tropospheric responses (Mitchell et al., 2013). How-
ever, other studies, such as Maycock and Hitchcock (2015),
have not found significant differences in the tropospheric im-
pacts of the split and displacement events.

The atmospheric layer where the main dynamic cou-
pling occurs is the upper troposphere and lower stratosphere
(UTLS). An accurate representation of the vertical structure
of the UTLS is known to be important for the resolution
of atmospheric dynamics and circulation in coupled climate
models (Gerber and Manzini, 2016). This, in part, underpins
the rationale for employing global navigation satellite system
(GNSS) radio occultation (RO) data — which are known for
their stability, accuracy, and high vertical resolution within
the UTLS (Steiner et al., 2020) — in our study. There have
been previous studies resolving important aspects of atmo-
spheric dynamics from RO data, such as Leroy and Ander-
son (2007), in which the quasi-geostrophic Eliassen—Palm
(EP) flux was calculated; Scherllin-Pirscher et al. (2014) and
Verkhoglyadova et al. (2014), in which geostrophic winds
were calculated; Healy et al. (2020), in which quasi-biennial
oscillation (QBO) zonal winds were retrieved; and Pilch
Kedzierski et al. (2020), in which Rossby waves were stud-
ied.

In this study, we utilize globally distributed direct mea-
surements of geopotential height and temperature fields
from RO data. These measurements are used to compute
geostrophic winds, the blocking index, the quasi-geostrophic
EP flux, and the static stability. The computed parameters are
then used as a basis for our synoptic and dynamic analysis of
SSW events that occurred between 2007 and 2019. Our main
objective is to characterize the dynamics induced by these
SSW events and examine their links to blocking events from
a observational perspective. We focus on the analysis of the
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vertical aspects of the EP flux, as it plays a critical role in
understanding how the stratospheric circulation responds to
the upward propagation of planetary-wave activity from the
troposphere (Yessimbet et al., 2022a). Due to its high vertical
resolution, RO is shown in this study to be particularly suit-
able for providing information for the dynamic and synoptic
analysis of SSW events and blocking events (e.g., Brunner et
al., 2016).

We describe the RO dataset and detail the methods em-
ployed in Sects. 2 and 3, respectively. Section 4 presents the
results for all investigated SSW events from 2006 to 2019
with a detailed analysis of two representative SSW events
in February 2008 and January 2019. Finally, we discuss and
draw conclusions about our findings in Sect. 5.

2 Data

This study employs measurements from GNSS RO collected
by various satellite missions, including CHAMP (Wickert et
al., 2001), SAC-C (Hajj et al., 2004), GRACE (Beyerle et al.,
2005; Wickert et al., 2005), MetOp (Luntama et al., 2008),
and Formosat-3/COSMIC (Anthes, 2011). The GNSS RO
method is based on the detection of radio signals transmit-
ted by GNSS satellites, which are refracted by the Earth’s
atmosphere as they propagate through it to low Earth or-
bit (LEO) satellites. The measured signal phase changes are
converted to bending angle profiles and further to refractiv-
ity by an Abel transform. At high altitudes, the Abel inte-
gral requires initialization with background data. Thermody-
namic parameters are then computed under the assumption
of a dry atmosphere (“dry” parameters). In moist air condi-
tions (lower to middle troposphere, specifically in the trop-
ics), the retrieval of the (physical) temperature or humidity
requires prior knowledge of the state of the atmosphere (e.g.,
Kursinski et al., 1995, 1996; Healy and Eyre, 2000). Due to
the background data involved, the retrieved RO temperature
data exhibit larger uncertainties in the lowermost moist parts
of the troposphere and at high altitudes (above about 30 km).
For an overview of the retrieval process and the structural un-
certainties involved, see, e.g., Steiner et al. (2011, 2020). The
RO measurements are of high quality, with minimal struc-
tural uncertainty within the UTLS region, as highlighted by
Scherllin-Pirscher et al. (2017) and Steiner et al. (2020).

In this work, we use the geopotential height and physical
temperature as a function of pressure, as processed by the
Wegener Center for Climate and Global Change (WEGC)
with the Occultation Processing System (OPS) version 5.6
(Angerer et al., 2017; Steiner et al., 2020) using the phase
delay data derived at the University Corporation for Atmo-
spheric Research COSMIC Data Analysis and Archive Cen-
ter (UCAR/CDAAC).

Geostrophic-wind fields can be derived from RO
geopotential-height fields (Scherllin-Pirscher et al., 2014,
2017). RO geostrophic-wind and gradient-wind fields were
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found to capture all the main wind features in our study.
Compared to atmospheric analyses, wind differences are
generally small (2ms~!) except near the subtropical jet
(up to 10m s~1). There, RO winds underestimate the actual
winds due to the geostrophic- and gradient-wind approxi-
mations, while RO retrieval errors have negligible effects
(Scherllin-Pirscher et al., 2014).

The number of daily RO profiles retrieved from differ-
ent missions varied over the period from 2006 to 2019, with
the highest number of profiles occurring from 2007 to 2010
(> 2500 profiles per day) and the number of profiles decreas-
ing (from more than 2500 to less than 2000 profiles) from
2012 onwards (Fig. S1 in the Supplement) as the lifetimes of
some of the RO missions were exceeded (Fig. 5; Angerer et
al., 2017).

Utilizing data from the available records spanning 2006 to
2019, we focus on the daily wintertime period from Novem-
ber to March. The vertical grid consists of 147 pressure levels
from 1000 to 10 hPa (the levels are 200 m apart —i.e., equidis-
tant in altitude space — up to 20km and 500 m apart above
that). To generate 2.5° x 2.5° gridded bins from the profile
data, we employ a spatial and temporal weighting methodol-
ogy. This involves applying Gaussian weighting according to
the latitude—longitude distances of each profile in relation to
the bin center, taking all profiles within 600 km from the cen-
ter into account. An additional temporal Gaussian weighting
of £2d around the given day is also applied. With this, we
reduce the number of missing grid points while maintaining
as much measurement information as possible. Thus, in the
range of vertical pressure levels from 10 to 850 hPa, there are
fewer than 10 missing grid points in the daily gridded fields,
with the number increasing towards the surface. For any re-
maining missing grid points, we use bilinear interpolation to
fill in these gaps.

3 Method

This study applies a geostrophic approximation to derive
winds directly from geopotential heights, as it balances the
pressure gradient with Coriolis forces. RO measurements al-
low the retrieval of geopotential height as an independent
vertical coordinate. The computation of geostrophic winds
is based on Scherllin-Pirscher et al. (2014).

To study wave activity, we calculate the quasi-geostrophic
EP flux based on Edmon et al. (1980). According to the def-
inition of the EP flux for spherical geometry, the meridional
Fy and vertical F, components are defined as

Ve
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where a denotes the equatorial radius of the Earth, p de-
notes the logarithm of the pressure, ¢ is the latitude, and 6 is
the potential temperature. The Coriolis parameter f equals
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Figure 1. Climatological Eliassen—Palm flux vectors and diver-
gence (shading) for November to March from 2006 to 2019. The
vectors are plotted for every fifth pressure level.

2Q2sin¢, where 2 is the Earth’s angular velocity, # and v
are the geostrophic meridional and zonal winds, the over-
lines denote zonal averages, and primes indicate deviations
from zonal averages. Divergence of the EP flux, V- F = %

+ B‘a_?’ scaled by ﬁ, indicates an acceleration of the zonal
flow. The climatological EP flux for winter 2006 to 2019 is
shown in Fig. 1, where a convergence zone (blue shading)
with upward-directed EP flux vectors is observed in the up-
per troposphere, which means that the wave activity is inten-
sified in the wintertime upper troposphere. For display pur-
poses, EP flux vectors are scaled as follows:
Fy F, )

(Fy.,F,)=cosg <— —=

) 2

according to commonly used methods (NOAA’s Physical
Sciences Laboratory, 2023).

The 3D wave activity flux, the Plumb flux, presented
in Appendix B, is computed according to Plumb (1985;
Eq. 5.7). In addition, we also compute the eddy meridional
heat flux v/7T" at 100 hPa and averaged over 45—75° N, similar
to Kodera et al. (2016), who used it as a proxy for the verti-
cal wave propagation between the troposphere and the strato-
sphere to characterize reflecting and absorbing SSW events.
The computation of anomalies is performed by subtracting
the 2007-2019 daily mean climatology. A standard algo-
rithm based on 500 hPa geopotential-height gradients and de-
scribed in Brunner and Steiner (2017) and Brunner (2018) is
used to calculate the blocking index. Two distinct blocking
regions have been defined based on the highest frequencies
of blocking during the wintertime: the North Pacific (160° E
to 160° W) and Euro-Atlantic (30° W to 45°E).

To examine further effects of the different SSW types, we
compute the static stability in the form of the Brunt—Viiséla
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frequency, N 2 defined as follows:

290
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where g denotes the gravitational acceleration (g =
9.81ms~2), R is the gas constant of dry air (R=
287 kg~ K1), and T is the temperature.

In our analysis, we also make comparisons of key param-
eters such as the zonally averaged parameters, zonal-mean
zonal wind, and v'T’ (Figs. S2 and S3) between RO and re-
analyses (e.g., ERAS), which confirm the consistency and the
reliability of the RO-based dynamics.

For the definition of major SSW events, we adopt a com-
monly used definition from Butler et al. (2017), which de-
fines the central date of an SSW event as the day when the
zonal-mean zonal wind at 10 hPa and 60° N, u, changes from
westerly to easterly. The diagnosed central SSWs are com-
pared with the list of major midwinter SSWs in reanaly-
sis products in the SSW Compendium dataset (NOAA CSL,
2024).

3

4 Results

Section 4.1 describes the commonalities in the key dynam-
ics of the 2007 and 2008 winters. To illustrate this, we show
the results of the analysis of the 2008 winter as a represen-
tative case study. Similarly, Sect. 4.2 presents the 2019 SSW
event as an example to describe the commonalities between
the 2009, 2010, 2013, 2016, and 2018 events. In Sect. 4.3,
we analyze the vertical wave activity and static stability for
all SSW events from 2007 to 2019.

4.1 Type |I: SSW events in 2007 and 2008

One of the main commonalities of the 2008 and 2007 events
was the SPV displacement. Figure 2a shows the vortex evolu-
tion during the main phases of the winter of 2008. During De-
cember and January, the vortex remained strong and symmet-
rically centered at the North Pole. In February, the vortex be-
gan to weaken, losing its symmetry and finally shifting from
the pole towards Eurasia. The vortex weakening was marked
by warming, with stratospheric polar-cap (65-90°N) tem-
perature anomalies exceeding the climatological mean and
showing short-term fluctuation (Fig. 3a, b). While the vor-
tex was displaced, positive polar-cap temperature anomalies
propagated downwards to around 70 hPa. On 22 February, u
turned easterly (Fig. 3c), marking the central date of a ma-
jor SSW event. The reversal of u lasted for 6 d, followed by
a period of recovery and gradual cooling. A similar pattern
was observed in the winter of 2007, with a vortex displace-
ment and ureversal on 24 February that lasted only 4d and
was also accompanied by fluctuating stratospheric polar-cap
temperature anomalies (Figs. Ala, A2a, b).

Another common feature of the 2008 and 2007 SSW
events was a relatively short (about 12 and 13 d) pulse of
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wave activity propagation (responsible for the u reversal) and
its significant decrease (marked by a negative v'T’) during
the first week of the SSW recovery phase. The onset of the
SSW recovery phase is defined as the date when the maxi-
mum North Pole (80-90° N) temperature anomalies at 50 hPa
are reached (Kodera et al., 2016).

For the 2008 event, v'T’ at 100 hPa and averaged across
45-75° N is shown in Fig. 3c. The behavior of v'T" is coher-
ent with that of u: as v/T’ increases, indicating the upward
propagation of planetary-wave activity, the wind speed de-
creases. From the beginning of February, a weakening of u
occurred concurrent with the occurrence of two consecutive
v'T’ peaks with a 2 d lag between them. The 2 d lag between
these two pulses may be an indication that the upward wave
activity was suppressed and then resumed. The reversal of u
occurred during the second v'7T’ peak, which lasted the 12d
from 15 to 26 February. In the first week of the SSW recovery
phase, the v'T’ was characterized by negative values.

The time-height representation of the vertical component
of EP flux as a function of pressure Fis shown in Fig. 3d.
From 7 February, there was a negative F, anomaly below
300 hPa, indicating an intensification of wave activity. Fol-
lowing this, a mildly negative F), pattern was observed, first
between 300 and 100 hPa and then above 20 hPa with a delay
of 2d. Another (less intense) negative F}, anomaly appeared
below 400 hPa on 15 February and later extended to about
100 hPa, which indicates the upward propagation of wave
activity. Between 18 February and the central date of the
SSW event, a pronounced negative F, anomaly was notice-
able above 100 hPa. Following the central SSW date, a sub-
stantial positive F;, anomaly became apparent below 300 hPa
before being succeeded by a minor positive F, anomaly
within the stratosphere. Starting from 29 February, the sec-
ond peak of the positive /), anomaly maximized below the
300 hPa level and extended throughout the entirety of the at-
mospheric column. These instances of positive F}, anomaly
peaks were consistent with the negative v'T’ peak observed
from 27 February to 6 March, as illustrated in Fig. 3c. The
negative v'T’ peak suggests a substantial reduction in the
propagation of planetary-wave activity into the stratosphere
or a downward propagation of wave activity due to the re-
flection of these waves from the stratosphere into the tropo-
sphere.

The negative v'T’ peak from 27 February to 6 March co-
incided with the occurrence of blocking in the North Pa-
cific, as shown in Fig. 3e. Note that for the 2007 SSW
event, there was also a negative v'7’ peak concurrent with
the development of North Pacific blocking (Fig. A2c, e). In
Fig. 2b, the manifestation of North Pacific blocking is evident
through a positive 500 hPa geopotential-height anomaly from
27 to 29 February. Notably, the arrangement of the 500 hPa
geopotential-height anomaly field corresponded to that of the
50 hPa field. The barotropic low-pressure system over eastern
Eurasia indicated a polar-vortex shift toward Eurasia. This
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Figure 2. Evolution of the 2008 SSW, as shown by the results at three dates: before the SPV displacement (left), during its displacement
(center), and during its recovery (right). (a) 50 hPa wind speed (shading) and 50 hPa geopotential height (contours). (b) 500 hPa geopotential-
height anomaly (shading) and 50 hPa geopotential-height anomaly (contours). The black box indicates the North Pacific blocking region
selected. (c) Meridional cross-sections of Eliassen—Palm flux vectors and divergence (shading). (d) Meridional cross-sections of Eliassen—
Palm flux vectors and zonal wind (shading). The vectors are plotted for every fifth pressure level.

alignment underscores a connection between stratospheric
and tropospheric conditions.

For a more detailed analysis of the vertical propagation of
wave activity and its impact on the circulation, the merid-
ional cross-sections of the divergence and vectors of the 3d
averaged EP flux and u for the main phases of the 2008 SPV
are shown in Fig. 2c and d. Throughout the SPV’s displace-
ment and disruption phase, there was a notable enhancement
of EP flux convergence and the upward propagation of EP
flux vectors. As the EP flux progressively propagated into the
stratosphere and northward of 75° N, it resulted in a slowing
down of the stratospheric u at the pole. From 21 to 23 Febru-

https://doi.org/10.5194/acp-24-10893-2024

ary, it can be observed that easterly winds are already present
in the upper stratosphere, while westerly winds prevail in
the middle and lower stratosphere. According to Perlwitz
and Harnik (2003) and Kodera et al. (2008), this negative
wind shear indicates favorable conditions for the reflection of
upward-propagating wave packets. When these wave pack-
ets encounter a transition from lower regions (with westerly
winds that support the upward propagation of the wave pack-
ets) to higher regions (with easterly winds which oppose that
propagation), an effective barrier to upward propagation is
formed, resulting in the reflection of part of the wave energy.
Between 27 and 29 February, the downward propagation of
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Figure 3. Time-height evolution of (a) the area-weighted temperature anomaly averaged over 65-90° N, (b) the zonal wind at 60° N, and
(c) the 100 hPa eddy meridional heat flux averaged over 45—75° N (solid red line), its daily climatology (dotted red line), and the zonal-mean
zonal wind at 60° N and 10 hPa (solid blue line). Grey shading covers the region between the daily minimum and maximum of the heat flux
for the period 2007-2019. Time-height evolution of (d) the anomaly of the vertical component of the Eliassen—Palm flux averaged over
45-75°N, (e) blocking index for the North Pacific region, and (f) blocking index for the Euro-Atlantic region. The hatched region indicates
dates when the zonal-mean zonal wind at 60° N and 10 hPa is negative, and the vertical dotted line indicates the day when the polar (80—
90° N) temperature anomaly reaches its maximum, i.e., the start of the SSW recovery phase. The dotted horizontal line indicates 200 hPa (the
approximate level of the extratropical tropopause). The time interval shown is 30 d from the central date (22 February) of the 2008 SSW.

the EP flux can be observed together with an acceleration of
u in the stratosphere, indicating that wave reflection is tak-
ing place. During those days, it can also be observed that
the EP flux divergence in the stratosphere from 10 to 70 hPa
is maximized between 70 and 80° N. According to Shaw et
al. (2010), the presence of a localized positive EP flux diver-
gence can act as an indicator of a reflecting condition within
the atmosphere. A similar EP flux evolution is observed for
the 2007 event (Fig. Alc, d).

Atmos. Chem. Phys., 24, 10893-10919, 2024

In addition to the EP flux analysis, to further examine the
evidence for the relationship between the downward propa-
gation of wave activity and North Pacific blocking, we an-
alyzed the evolution of the 3D Plumb flux (Fig. B1). Start-
ing from 21-23 February (Fig. B1b), and particularly on
27-29 February 2008 (Fig. Blc), a downward propagation
of wave activity between about 250 and 300°E is observed
along with a trough centered over 300°E and a positive
barotropic geopotential-height anomaly between 150 and

https://doi.org/10.5194/acp-24-10893-2024
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200° E (North Pacific). This is observed together with the
eastward tilt of the trough, implying downward propagation
of the Rossby waves, aligning with the findings of Kodera et
al. (2008). This in turn induced the formation of the North
Pacific ridge, which then led to the formation of the North
Pacific blocking.

The above analysis finds that the main characteristics of
the 2008 and 2007 SSW events are consistent with the char-
acteristics of reflecting SSWs, which in turn is consistent
with the findings of Kodera et al. (2008, 2016). On this basis,
we classify these SSW events as reflecting events.

4.2 Type ll: SSW events from 2009 to 2019

One of the main features of the SSW events that occurred
between 2009 and 2019 was the SPV split. The 2010, 2013,
2016, and 2019 events were of mixed type, in which the vor-
tex displaces and then splits (see Figs. 4a, ASa, A7a, and
A9a). The 2009 and 2018 SSW events were of the split type
(Figs. A3a, Alla). Figure 4a shows the SPV evolution of
the 2019 event. A displacement of the vortex towards Eura-
sia was initiated around mid-December 2018. Beginning on
22 December, the displaced vortex elongated towards the
North Atlantic. On 2 January, the vortex reversed and split
into two lobes and then continued to split apart until the mid-
dle of January.

In the weeks following the vortex displacement in De-
cember 2018, the polar-cap temperature anomaly in the
stratosphere increased significantly and exhibited a marked
downward propagation, extending to approximately 200 hPa
(Fig. 5a). The long-lasting deep warming is another com-
monality of the 2009-2019 SSW events (Figs. A2a, Ada,
Aba, A8a, Al0a, and Al2a). Consistent with the polar-cap
temperature variability, the reversal of u lasted several weeks
in these years, which contrasts with the short duration of the
SPV reversal in the 2007-2008 events. The only exception
was the 2016 SSW event, during which the SPV did not un-
dergo a recovery phase as it was a final warming event. Nev-
ertheless, this event, with its major SSW characteristics, mer-
its inclusion in our analysis, and it has also been the focus of
previous studies such as Manney and Lawrence (2016).

Another interesting feature of these events is the prolonged
and gradual wave activity propagation into the stratosphere.
The evolution of # and v'T’ in 2019 is shown in Fig. 5c.
The v'T’ peaked on 22 December during the displacement
of the vortex, after which u began to weaken. Subsequently,
as January commenced, the v'T’ peak underwent a gradual
reduction. This was followed by an acceleration of u and the
eventual recovery of the SPV. Similarly, in 2010, 2013, and
2016, the v'T’ peaked during the vortex displacement and
gradually decreased during u reversal (Figs. A6c, A8c, and
A10c). In these events, several successive and overlapping
peaks in v'T’ are responsible for the continuous and long-
lasting upward wave propagation (about 40d). In the split
events of 2009 and 2018, the peaks in v'T’ were enhanced
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before the vortex split and lasted for 38 and 24 d, respectively
(Figs. A4c and A12c). They then gradually decreased until
the vortex recovered.

In the time-height view of F), for the 2019 event (Fig. 5d),
the enhanced wave activity pattern first appeared around 4 to
13 December in the troposphere below 300 hPa. This was
followed by mildly negative F), in the whole atmospheric
column. Around 23 December, the negative F), peaked in
the stratosphere, extending vertically upward from about
200 hPa. This was preceded by a tropospheric F), enhance-
ment with a delay of about 8d. From 25 December, there
was another wave activity pattern in the troposphere below
200 hPa, which continued until 1 January. After the reversal
of u, the troposphere featured a more divergent state, indicat-
ing a decrease in wave activity. In the 2009-2018 events, the
negative I, peak in the stratosphere is preceded by a nega-
tive I, peak in the troposphere by a few days before either
the SPV displacement (2010, 2013, and 2016) or the SPV
split (2009 and 2018 events).

As for the tropospheric response, Euro-Atlantic blocking
was observed in the troposphere during the SPV split from
late December to mid-January, as shown by the positive
500 hPa geopotential-height anomaly over the Euro-Atlantic
in Fig. 4b.

The blocking index captures Euro-Atlantic blocking from
9 to 11 January in Fig. 5f. It can also be observed that
the Euro-Atlantic blocking coincided with the configuration
of the positive 50 hPa geopotential-height anomaly centered
over the North Pole and extended towards the North Atlantic,
suggesting a vertical stratosphere—troposphere connection
(Fig. 4b). Butler et al. (2020) described that strongly positive
stratospheric polar-cap geopotential anomalies or the nega-
tive phase of the Northern Annular Mode (NAM) index were
observed from the end of December until mid-January 2019
along with North Atlantic blocking. A possible link between
this blocking and the SPV configuration in January 2019 is
also suggested by Yessimbet et al. (2022b). Similarly, the
2009-2018 SSW events also featured Euro-Atlantic block-
ing shortly after the SPV split (Figs. Ade—f, A6e—f, A8e—f,
A10e—f, and A12e—f), and the geopotential-height configura-
tion resembled a negative AO pattern (Figs. A3b, ASb, A7b,
A9b, and A11b).

A closer look at the EP flux during the first week of the
recovery phase of the 2019 SSW reveals a continuous up-
ward direction of wave propagation from the troposphere to
the stratosphere, as shown in Fig. 4c and d. The large EP flux
convergence zone in the stratosphere in early January led to
a deceleration of u. As the EP flux vectors propagated pole-
ward and upward, the u at the pole became easterly and ex-
tended downward. To further investigate the relationship be-
tween the North Atlantic blocking and the details of wave ac-
tivity propagation, the 3D Plumb flux evolution and vertically
resolved geopotential-height anomalies are shown in Fig. B2.
Along with the onset of North Atlantic blocking formation,
it can be observed that the wave activity is enhanced outward

Atmos. Chem. Phys., 24, 10893-10919, 2024
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Figure 4. Same as for Fig. 2, but for the 2019 SSW. The 3 d averaged parameters are shown for three dates: during the SPV displacement
(left), during the split (center), and after the SPV split (right). The black box indicates the selected Euro-Atlantic blocking region.

from the positive geopotential-height anomalies centered be-
tween 50 and 0° W. This suggests that wave packets originat-
ing from the North Atlantic block propagate into the strato-
sphere, thereby contributing to vortex weakening and further
SSW development. Overall, the continuous upward propaga-
tion of the wave activity (shown by EP flux) into the strato-
sphere and a deep downward descent of a reversed u from
the stratosphere into the troposphere during the SSW recov-
ery are also typical for the 2009-2018 events (Figs. A3c—d,
AS5c—d, A7c—d, A9c—d, and Allc—d).

The characteristics of the SSW events that occurred be-
tween 2009 and 2019 align with the description of absorb-
ing SSW events as outlined by Kodera et al. (2016). On this
basis, we classify the SSW events from 2009 to 2019 as ab-
sorbing.

Atmos. Chem. Phys., 24, 10893—-10919, 2024

4.3 Time-height view of the wave activity for 2007—2019
SSW events

Figure 6 displays the time-height evolution of the F)
anomaly averaged over 45-75° N along with the blocking in-
dex within a £30d timeframe relative to each of the SSW
events between 2007 and 2019.

Before each SSW, there was a pronounced increase in
wave activity (indicated by blue shading) in the stratosphere,
often extending below 100 hPa. In almost all events, an in-
crease in stratospheric wave activity was preceded by an in-
crease in tropospheric wave activity by several days, indicat-
ing upward wave activity propagation. The exception was the
2007 event, during which the stratospheric enhancement oc-
curred without a strong signal of tropospheric wave activity

https://doi.org/10.5194/acp-24-10893-2024
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Figure 5. Same as for Fig. 3, but for the 2019 SSW. The time interval is shown for 30 d from the central date (2 January).

enhancement preceding it. However, approximately 20 d be-
fore that, another notable intensification of wave activity was
initially observed in the troposphere and then in the strato-
sphere above 70 hPa, which suggests the preconditioning of
the SPV.

Comparing all individual events, the upward wave prop-
agation signals associated with SSW were less pronounced
and shorter in 2007 and 2008, as was the duration of the u
reversal in these years. In the other six events, the wave ac-
tivity propagation signals prior to u# reversal were more pro-
nounced and longer.

The strongest signal of increased wave activity shortly be-
fore the SPV split was observed in 2009. For 2010, 2013,
and 2019, there was an increase in F), in the 2 weeks prior
to u reversal, coinciding with the SPV displacement. At the
end of January and beginning of February 2016, there was

https://doi.org/10.5194/acp-24-10893-2024

an intensification of the F),, which occurred during a mi-
nor SSW event reported by Dérnbrack et al. (2018). In 2018,
there were three episodes of F, enhancement, each separated
by an interval of about 2 weeks before the split of the SPV.
The first enhancement was continuous throughout the atmo-
spheric column, with a few days lag between the tropospheric
and stratospheric anomalies. The second enhancement was
observed in the troposphere and then in the stratosphere
above 100 hPa, with no vertical continuity between the two
regions. These two signals were not sufficient to weaken the
vortex and trigger an SSW event. The third F}, anomaly in-
tensification signal was the strongest, with clear signs of up-
ward wave propagation before the SPV split. Interestingly, a
closer look at the 2018 SSW event (Fig. A12) reveals that
only vertically continuous signals (marked by 100 hPa v'T’
peaks) coincide with # weakening. The same is true for all

Atmos. Chem. Phys., 24, 10893-10919, 2024
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other SSW events, which may indicate that the propagation
or amplification of wave activity in the lower stratosphere
(around 100hPa) is more important for the weakening of
SPV than its amplification in the middle and upper strato-
sphere.

Regarding the blocking events, in both the 2007 and 2008
events, the North Pacific blocking became apparent shortly
after the u recovery. For the other SSW events, we find that
the Euro-Atlantic blocking is observed immediately after the
onset of the SSW recovery and during and after (for the 2018
event) the reversal of u.

To better understand the differences between the SSW
events, we also analyzed the evolution of the zonally aver-
aged polar (75-90° N) static-stability anomalies (Fig. 7). In
the 2009-2019 SSW events, an increase in the static-stability
anomaly near 300 hPa can be observed as u reverses. This
static-stability enhancement indicates a strengthening of the
tropopause inversion layer (TIL) in the polar region in the
aftermath of SSWs. This observation confirms the findings
of Grise et al. (2010), who demonstrated that the magnitude
of the TIL is enhanced following SSWs. Also, the case stud-
ies of Wargan and Coy (2016) (using reanalyses) and Wang
et al. (2016) (using Formosat-3/COSMIC RO measurements)
described an enhancement of the static stability in the vicin-
ity of the polar tropopause following the 2009 SSW event.

In our observations, the 2009 and 2013 SSW events had
the strongest enhancement of the polar TIL magnitude. We
also note the decreasing enhancement of the static stabil-
ity from the stratosphere to the tropopause level during the
onset of the SSWs, which is observed in the static-stability
anomalies for the 2009, 2016, 2018, and 2019 SSWs and in

Atmos. Chem. Phys., 24, 10893-10919, 2024

its absolute value for all SSWs (Fig. S4a). This shows that
the absorbing SSW events in 2009-2019 had stronger and
more prolonged impacts (in terms of thermal heating) on the
UTLS and the enhancement of the polar TIL than the reflect-
ing events in 2007 and 2008 did. For the reflecting events, the
magnitude of TIL enhancement is much weaker compared to
the absorbing events. In 2008, the enhancement of the static-
stability anomaly occurred in late March during the final u
reversal.

5 Discussion and conclusions

The main objective of this study was to characterize the syn-
optic and dynamic conditions of SSWs and to investigate the
link to blocking events from an observational perspective.
We used GNSS RO observations for these analyses as the
dataset resolves the relevant features to provide information
on the stratosphere—troposphere coupling.

Within the timeframe of available RO data spanning from
2007 to 2019, we examined a total of eight major SSW
events, including a final SSW event in 2016. To characterize
SSWs, we analyzed RO temperature and geopotential-height
profiles on isobaric surfaces, which also served as a basis for
deriving daily geostrophic winds and quasi-geostrophic EP
fluxes. We also computed the blocking index to assess block-
ing events.

The results showed that the RO data resolve all
the main dynamic features of SSWs and troposphere—
stratosphere coupling phenomena reasonably well. While the
geostrophic-wind speed near the upper-tropospheric subtrop-
ical jet and at the SPV level may be slightly underestimated,

https://doi.org/10.5194/acp-24-10893-2024
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as noted by Scherllin-Pirscher et al. (2014), our study showed
that the SPV evolution is well captured. Analyzing the evo-
lution of the SPV, we classified the SSW events into distinct
categories — specifically, displacement, split, and mixed-type
events. The 2007 and 2008 SSW events were identified as
displacement events, while the 2009 and 2018 events were
classified as split events and the 2010, 2013, 2016, and 2019
as mixed-type events. A case in point is the 2019 SSW event,
which agrees with the findings of Lee and Butler (2020).

Furthermore, our study shows that the key patterns of
quasi-geostrophic EP fluxes are well captured and consis-
tent with established theory and the existing literature. Build-
ing on the analysis of EP flux evolution, we have classified
the SSW events into two categories: reflecting and absorb-
ing events. Thus, the 2007 and 2008 SSW events were cate-
gorized as reflecting and the remaining events between 2009
and 2019 as absorbing. For the reflecting SSWs, our observa-
tions revealed a short duration of the u reversal and a concur-
rent downward propagation of EP flux during the initial week
of the SSW recovery phase. The analysis of the 3D Plumb
flux showed that the downward-propagating wave packets in-
duced a trough over eastern Canada and North America and
the formation of a ridge over the North Pacific, leading to the
onset of North Pacific blocking. On the other hand, absorbing
SSW events exhibited a more prolonged u reversal and up-
ward propagation of the EP flux. During the recovery phase,
these events were accompanied by the formation of blocking
in the Euro-Atlantic region and a geopotential-height con-
figuration resembling a negative AO pattern. Enhanced wave
activity originating from the North Atlantic blocking was ob-
served to propagate into the stratosphere, thereby potentially
contributing to vortex weakening and further SSW develop-
ment.

These observations agree with the findings of Perlwitz and
Harnik (2004), who suggested that there are two types of
stratospheric winter conditions, reflective and non-reflective,

https://doi.org/10.5194/acp-24-10893-2024

which are characterized by different downward dynamic in-
teractions similar to those observed in our study.

Although the reflecting events of 2007 and 2008 were also
classified as displacement events and the absorbing events of
2009-2019 as split and mixed events, the relatively limited
number of SSW events studied does not allow statistical con-
clusions to be drawn concerning the consistent alignment of
these two classification types. As highlighted in the Introduc-
tion, these classifications are rooted in distinct phases of an
SSW. The classification based on the polar-vortex geometry
is for the mature phase, whereas the classification based on
the propagation of planetary-wave activity is for the recovery
phase of SSWs.

Nevertheless, we show that reflecting and absorbing SSW
events differ in the magnitude of the downward impact (man-
ifested, e.g., in the TIL variability, downward propagation
of the easterly wind, and temperature anomalies) and corre-
spond to specific divergent tropospheric responses. Reflect-
ing events connected to vortex displacement are observed to
trigger downward wave propagation that induces blocking
over the North Pacific region, while absorbing events con-
nected to vortex splitting are associated with blocking over
the North Atlantic and upward wave propagation. The mag-
nitude of the downward impact may be one of the factors to
consider when addressing the open question of whether dis-
placement or split events trigger different responses in the
tropospheric circulation.

Concerning the vertical structure of the quasi-geostrophic
EP flux, we observed a consistent pattern of an enhanced
upward EP flux (F),) preceding the u reversal in each SSW
event. We also observed evidence of upward propagation of
wave activity as, prior to each SSW, F), intensified in the tro-
posphere before intensifying in the stratosphere. This aligns
with the hypothesis that an increase in stratospheric wave ac-
tivity is typically preceded by a burst of wave activity within
the troposphere (Polvani and Waugh, 2004). Interestingly,

Atmos. Chem. Phys., 24, 10893-10919, 2024



10904 K. Yessimbet et al.: Observational perspective on SSWs and blocking from EP fluxes

this contradicts the results of Jucker (2016), who, based on an
idealized general circulation model (GCM), did not observe
any tropospheric enhancement of wave activity propagating
into the stratosphere prior to SSWs. It is worth emphasizing
that the peak in wave activity amplification exhibited distinct
temporal characteristics for reflecting and absorbing SSW
events. Specifically, the amplification peak was shorter for
reflecting SSWs than for absorbing events. This suggests the
relevance of considering the timescales associated with wave
activity pulses. This aspect agrees with the finding of Sjoberg
and Birner (2012), who suggested that longer-duration wave
activity pulses are more effective at generating SSWs than
shorter yet stronger pulses.

In addition, the analysis of polar static-stability anomalies
showed that the SSWs are followed by an enhanced polar
TIL, which was strongest for the 2009 and 2013 SSW events
and weakest for the 2007 and 2008 events. This indicates that
the strength of the TIL is influenced by the magnitude of the
SSW and its downward impact. Given that TIL enhancement
can further influence stratosphere—troposphere coupling and
tropospheric circulation, this further emphasizes the distinc-
tion between SSW events and their downward influences.

In conclusion, our findings underscore the applicability of
GNSS RO for the exploration of atmospheric circulation dy-
namics. Due to its high vertical resolution, GNSS RO has
the potential to study the interplay between tropopause struc-
ture and wave activity propagation. A detailed study of the
relationship between tropopause structure and wave activity
propagation that is relevant to SSW events should be per-
formed in future GNSS RO studies.

Atmos. Chem. Phys., 24, 10893-10919, 2024
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Appendix A: SSWs in 2007, 2009, 2010, 2013, 2016,
and 2018
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Figure A1. Evolution of the 2007 SSW, as shown by the results for three dates: before the SPV displacement (left), during its displacement
(center), and during its recovery (right). (a) 50 hPa wind speed (shading) and 50 hPa geopotential height (contours). (b) 500 hPa geopotential-
height anomaly (shading) and 50 hPa geopotential-height anomaly (contours). The black box indicates the selected North Pacific blocking
region. (¢) Meridional cross-sections of Eliassen—Palm flux vectors and divergence (shading). (d) Meridional cross-sections of Eliassen—Palm
flux vectors and zonal wind (shading). The vectors are plotted for every fifth pressure level.
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Figure A2. Time-height evolution of (a) the area-weighted temperature anomaly averaged over 65-90° N, (b) the zonal wind at 60° N, and
(c) the 100 hPa eddy meridional heat flux averaged over 45—75° N (solid red line), its daily climatology (dotted red line), and the zonal-mean
zonal wind at 60° N and 10 hPa (solid blue line). Grey shading covers the region between the daily minimum and maximum of the heat flux
for the period 2007-2019. Time-height evolution of (d) the anomaly of the vertical component of the Eliassen—Palm flux averaged over
45-75°N, (e) the blocking index for the North Pacific region, and (f) the blocking index for the Euro-Atlantic region. The hatched region
indicates dates when the zonal-mean zonal wind at 60° N and 10 hPa is negative, and the vertical dotted line indicates the day when the polar
(80-90° N) temperature anomaly reaches its maximum, i.e., the start of the SSW recovery phase. The dotted horizontal line indicates 200 hPa
(the approximate level of the extratropical tropopause). The time interval shown is +30d from the central date (24 February) of the 2007
SSW.
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SSW 2009: T anomaly, 65-90°N
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Figure A4. Same as Fig. A2 but for the 2009 SSW. The time interval shown is £30 d from the central date (24 January).
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Figure A5. Same as Fig. Al but for the 2010 SSW. The 3 d averaged parameters are shown for three dates: during the SPV displacement
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Figure A7. Same as Fig. Al but for the 2013 SSW. The 3 d averaged parameters are shown for three dates: during the SPV displacement
(left), during the split (center), and after the split (right). The black box indicates the defined Euro-Atlantic blocking region.
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SSW 2013: T anomaly, 65-90°N
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SSW 2016: T anomaly, 65-90°N
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Appendix B: Plumb flux
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