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Abstract. We develop a new approach to monitor Sudden Stratospheric Warming (SSW) events under climate change since
1980 based on reanalysis data, verified by radio occultation data. We construct gridded daily-mean temperature anomalies
and employed the concept of Threshold Exceedance Areas (TEAS), the geographic areas wherein the anomalies exceed
predefined thresholds (such as 30 K) to monitor the phenomena. We derived main-phase TEAs to monitor SSW warming on
a daily basis and also a trailing-phase TEA to monitor potential upper stratospheric cooling in the wake of the warming
phase. Based on the main-phase TEAs, three key metrics, including Main-Phase Strength (MPS), Duration (MPD) and Area
(MPA), are estimated and used for the detection and classification of SSW events, enabling minor, major, and extreme event
categories. An informative 42 winters” SSW climatology 1980-2020 was developed, including the three key metrics as well
as onsets date, maximum-warming-anomaly location and strength and other valuable SSW characterization information.
Detection and validation against previous studies underpins that the new method is robust for SSW detection and monitoring
and that it can be applied to any quality-assured reanalysis and observational data that cover the polar region and winter
timeframes of interest. Within the 42 winters, 40 SSW events were detected, yielding a frequency of about 0.95/year. In the
1990s, where recent studies showed gaps, we detected several events. About 95% of event onset dates occurred in deep
winter (Dec-Jan-Feb timeframe; about 50% in January) and three quarters have their onset location over Northern Eurasia
and the adjacent polar ocean. Regarding long-term change, we also found a statistically significant increase in the duration of
SSW main-phase warmings, by about 4 days from the 1980s to the 2010s, raising the average duration by 40 % from about
10 to 14 days and inducing an SSW strength increase by near 30 million km?days (about 30 %) from about 105 to 135
million km?days. The results can be used as a reference for further long-term studies and be a valuable basis for studying
SSW impacts and links to other weather and climate phenomena, such as changes in polar vortex dynamics and in mid-
latitude extreme weather.
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1 Introduction

Sudden Stratospheric Warming (SSW) describes an atmospheric variability phenomenon at daily-to-monthly scale where
temperature in middle stratosphere (about 30 km or 10hPa) increase rapidly (>30 to 40K) within a couple of days in sub-
polar and polar regions (Mclnturff et al., 1978; Butler et al., 2015; Baldwin et al., 2020). In extreme cases, SSW temperature
anomalies can reach more than 70K relative to the long-term mean. Many major SSWs occur accompanied by regular
westerly winds reversed and/or polar vortex displaced or even split (Charlton and Polvani, 2007; Hu et al., 2015; Butler and
Gerber, 2018). SSWs are generally understood to be caused by tropospheric planetary waves, which penetrate into the
stratosphere, by the Quasi-Biennial Oscillation (QBO) and the Southern Oscillation (SO) in the tropics, which influence the
stratospheric polar vortex, and also by solar radiation (Mclnturff et al., 1978; Thompson et al., 2002; Labizke and Kunze,
2009). SSWs usually occur in the polar regions of the northern hemisphere (beyond 60N), while they rarely occur in the
southern polar region due to less tropospheric planetary wave activity (Van Loon et al., 1973). We therefore focus on SSWs
of northern hemisphere in this SSW-ensemble-based analysis over multiple decades since 1980.

SSWs are an important indicator of polar winter variability. They strongly interact with the troposphere (Hitchcock and
Simpson, 2014; Lehtonen and Karpechko, 2016), mesosphere (Vignon and Mitchell, 2015; Singh and Pallamraju, 2015) as
well as the upper atmosphere and ionosphere (Jonah et al, 2013; Kakoti et al., 2020) through atmospheric circulations and
thermodynamics that mediate stratosphere-mesosphere-thermosphere couplings. The warming in the middle stratosphere will,
on the one hand, propagate downwards to lower altitude levels and cause longer lasting warming in lower stratosphere
(Hitchcock and Simpson, 2014). Some extreme events have impacts into deep troposphere and cause large area of blocking
high pressure, and subsequently cause cold weather in northern Europe, eastern Asia and northern America regions (Cattiaux
et al;., 2010; Yu et al., 2015; Tyrlis et al., 2019; Hall et al., 2021). Some SSW events also cause the cooling of mesosphere
and elevated stratopause (Holt et al., 2013; Vignon and Mitchell, 2015; Singh and Pallamraju, 2015). In the ionosphere, the
distribution of election density are found to be changed as a response to SSW (Nayak and Yigit, 2019; Kakoti et al., 2020).
Due to atmospheric meridional circulation, the tropical stratosphere is found to be cooling at the same time as there is polar
stratospheric warming (Yoshida and Yamazaki, 2011; Dhaka et al., 2015). Regarding atmospheric composition and
chemistry, such as the distribution of 0zone, water vapour and energetic particle precipitation, these are found to be changed
as well (Kuttippurath and Nikulin, 2012; Ayarzaguena et al., 2013; Holt et al., 2013).

Given this variety of strong interactions of SSWs, it is important to accurately observe, detect, and monitor such events,
including their possible transient changes under climate change. Accurate SSW observations require high quality data to be
sufficiently dense in polar stratosphere. However, observations in these regions are notoriously sparse. Early studies used
radiosonde or rocketsonde to observe SSWs. However, both datasets are generally land-limited and cannot provide high
vertical resolution and high quality data throughout the lower, middle, and upper stratosphere. With the advent of satellite
era in the 1970s, it is possible to put instruments, such as microwave limb sounders, infrared spectrometers and radiometers,

on satellites in order to observe the atmosphere globally (e.g., Hitchcock et al., 2013; Noguchi et al., 2020). However,
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satellite passive sounding data come in the form of radiances, which only allow coarse vertical resolution limiting the
accurate conversion to altitude-resolved temperature or wind profiles, which are key variables for reliable SSW monitoring.
With the advances of atmospheric data assimilation systems, reanalysis data have become quite a reliable data source for
long-term atmospheric analyses, due to their advantages of regular sampled in space and time and capability to provide
reasonably reliable data up to the stratopause (e.g., Charlton and Polvani, 2007; Yoshida and Yamazaki, 2011; Butler et al.,
2017, 2018; Hersbach et al., 2020). However, reanalysis data may have inhomogeneities and irregularities in the long-term,
due to episodic observation system updates and adding in a diversity of new streams of observation datasets over multi-
decadal time ranges; they are not a direct long-term consistent observation of the atmosphere.

In addition to the sparsity of robust observation techniques, SSWs also have no community-agreed standard definition for
reliable detection and monitoring. Butler et al. (2015) provided a detail overview on the history of various SSW definitions
and calculated SSW frequency to cross-evaluate nine different definitions based on reanalyses data. Their results suggest that
frequencies obtained using different definitions vary a lot, from about 0.46 to 0.81 events per year, and the onset (or
maximum anomaly) dates of major SSWs for each definition may differ substantially as well. Reasons of these discrepancies
include both data and method reasons. Regarding data aspects, reanalyses data, as stated above, may have inhomogeneities
over time. Definitions based on one latitude or region are more sensitive to such variations than definitions based on larger
domains (Butler et al., 2015). Regarding method aspects, the detail implementation in selecting detection variable, latitude,
altitude, thresholds and background climatology information can make the results quite different. These discrepancies of
SSW definitions make statistical assessments of SSWs rather difficult. Furthermore, at the side of atmospheric physics and
dynamics, the analysis of other weather and climate phenomena that relate to SSWs is also severely hindered if accurate
SSW diagnostics and monitoring cannot be given.

Motivated by the aim to help mitigate these current limitations, we here propose and apply a new method to monitor SSW
events over the 1980 to 2021 northern hemisphere winter half-years, using Global Navigation Satellite System (GNSS)
Radio Occultation (RO) data (Angerer et al., 2017) and ECMWF Reanalysis 5 generation (ERA5) data (Hersbach et al.,
2020), developing a 42 years’ SSW events tracking, and evaluating their characteristics.

GNSS RO is an atmospheric remote sensing technique to provide vertical atmospheric profiles, such as of temperature,
density, and pressure (Kursinski et al., 1997; Kirchengast, 2004). RO data have distinctive advantages of high vertical
resolution, high accuracy, long-term consistency, and global coverage (Anthes et al., 2011; Steiner et al., 2011). The vertical
resolution of RO in the stratosphere is about 1 km, which is very high compared with other global observation techniques.
Validation results against radiosonde and verification with (re)analysis data (that generally assimilate RO data) suggest that
the data are of small discrepancy (< 2K) in the upper troposphere and lower stratosphere (Scherllin-Pirscher et al., 2011a, b;
Ladsté&dter et al., 2015; Steiner et al., 2020a, 2020b). RO data from different satellites can be combined without inter-
calibration, which make them very suitable for climate-related studies (Foelsche et al., 2011; Angerer et al., 2017; Steiner et
al., 2020a). Finally, since a multi-RO satellite observation record started in 2006 (Angerer et al., 2017), the geographic data

coverage is sufficiently dense for monitoring and analysing regional-scale phenomena such as SSWs from that time onwards.

3



100

105

110

115

120

125

https://doi.org/10.5194/acp-2022-497 Atmospheric
Preprint. Discussion started: 5 August 2022 Chemistry
(© Author(s) 2022. CC BY 4.0 License. and Physics

Discussions
By

Complementary to reanalysis datasets, which also offer dense coverage, RO reprocessing datasets hence feature accurate and
long-term stable observational records of climate benchmark quality (Steiner et al., 2020a), allowing for stable conditions for
SSW monitoring over decades. Therefore, given the complementarity of these single-source long-term consistent benchmark
observations to reanalyses (Bosilovich et al., 2013; Parker, 2016; Simmons et al., 2020; Hersbach et al., 2020), RO data are
basically very suitable for SSW studies.

An initial use of RO data for SSW study was by Klingler (2014) who was the first to use the data to examine the temperature
changes during the 2009 SSW event. A couple of studies have also used RO data to analyse their impacts on gravity wave
activity, the ionosphere, and also the tropical atmosphere (Yue et al. 2010, Lin et al. 2012, Dhaka et al., 2015). However, use
for longer-term SSW detection and monitoring is a next step to be made. We have carried out an initial study (Li et al., 2021),
where we used RO data and ERA5 data to develop a new threshold-exceedance-area-based approach to monitor and
characterize the strong and well-known 2009 SSW event. We revealed, in principle, high potential for the new method to be
used for detection and monitoring of SSWs over multi-decadal timeframes as well.

In this study, building upon the initial Li et al. (2021) work, we apply the approach over 14 winters of RO data (2007 to 2020)
and 42 ones (1980 to 2021) of ERAS data, using the former reprocessing record to cross-verify the latter reanalysis dataset
for the purpose. We derive robust SSW characterization metrics, a new definition based on temperature field data, and apply
the new method for SSW detection, classification, and monitoring, and to explore long-term changes in their characteristics
under the recent climate change.

The paper is structured as follows. Section 2 briefly assesses current SSW detection methods and definitions and then
summarizes the features of our new method. Section 3 introduces the data and methodology of our method and Section 4

presents and discusses the results. Finally, conclusions are given in Section 5.

2 Assessment of current definitions and the new method
2.1 Current definitions

A Sudden Stratospheric Warming (SSW) was first observed by Richard Scherhag using radiosonde measurements in Berlin,
Germany, in January/February 1952 (Scherhag, 1952). He found an abrupt temperature increase in stratosphere. After about
a decade, the World Meteorological Organization (WMO) Commission for Atmospheric Sciences (CAS) developed an
international SSW monitoring program called STRATALERT based on available radiosonde and rocketsonde observations
(WMO/IQSY 1964). The WMO CAS suggested to provide an SSW warning, when a sudden and unusual increase in
temperature at 30 km or above is detected.

With time ongoing and after more events were observed, it was well recognized that many SSWs occurred along with wind
reversals and/or polar vortex displacement or split (Johnson et al., 1969; Charlton and Polvani, 2007). Since the 1970s, many
studies combined temperature increase and wind reversals to detect SSWs, though detailed implementation and thresholds
used are quite different (e.g., Schoeberl, 1978; Labitzke, 1981). An often-used definition at this stage was suggested by

4
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Mclnturff et al. (1978), who proposed that a moderate temperature anomaly of more than 25K is regarded a minor event,
while a stronger temperature increase jointly observed with wind reversal is regarded a major event.

Since wind reversal is one of the most important features of SSWs, many studies suggest to use wind reversal for detecting
major SSW events (e.g., Charlton and Polvani, 2007; Hu et al., 2015; Butler et al., 2015, 2017; Butler and Gerber, 2018).
One of the most often used definitions is the one from Charlton and Polvani (2007) (denoted as CP07 hereafter): a major
SSW occurs, when the zonal mean zonal winds at 60N at the 10hPa level become easterly during wintertime. In addition to
wind reversal definitions, there are also studies that used vortex moment, another important characteristic of the warmings,
to detect SSW events (Seviour et al., 2013; Mitchell et al., 2013). Furthermore, polar-cap or zonal-mean stratospheric at
10hPa geopotential height anomalies were used to detect SSW events (Baldwin and Thompson 2009; Gerber et al., 2010).
Butler et al. (2015) tested the sensitivity of SSW detection results to nine definitions and found SSW frequencies obtained
under these different definitions to vary from 0.46 to 0.81 events per year, and the onset dates also to vary substantially.
There are several reasons of these discrepancies. First of all, while SSWs usually occur along with wind reversal or polar
vortex change, this is not always the case. Several studies detected significant stratospheric warming but did not
simultaneously detect wind reversals at the commonly used 60N or 65°N latitude. For example, Mitchell et al. (2013), who
used vortex geometry for diagnosing SSW, found half of their events inconsistent with those obtained by CPO7. Secondly,
single-latitude and/or single-altitude definitions such as for wind reversal may miss some important SSWs that occurred
primarily in other latitude-altitude domains (e.g., Manney et al., 2015; Singh et al., 2015). Thirdly, definitions can be quite
sensitive to background climatology and specific thresholds used, especially if based on broad polar cap-mean anomalies.
Finally, current definitions either use zonal-mean or polar cap-mean results, which do not enable dynamical 3D tracking of
such events. However, the dynamic location and strength information is rather important for studies on SSW’s interactions
with other phenomena, both regarding causes and impacts.

In view of the literature we surveyed and from our own initial study (Li et al., 2021), we suggest that a new standard SSW
monitoring method should best directly build upon the name-coining sudden stratospheric warming as such (i.e., be
temperature-field-based), for directly quantifying the polar winter anomalous thermal variability as its primary fingerprint.
Secondly, it should robustly detect and characterize SSW events, from minor to extreme ones, as a whole phenomenon,
without being unduly sensitive to details. Thirdly, the method should be readily applicable to both observational and model
data (as long as they are sampled sufficiently densely, preferably grid-based), and not need adjustment to any specific
suitable dataset (e.g., a particular reanalysis, atmospheric forecast, climate model simulation, or observational data record).
Finally, upon detection, the SSW monitoring metrics should be informative on the duration, strength, and dynamic location
of each SSW, in order to facilitate long-term change monitoring and effective use in cause and impact studies. Implementing

these suggestions, we propose our new method and definitions in Section 2.2.
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2.2 New method and its features

SSWs, as reflected by their name, were originally determined by their strong and quick temperature increase. Therefore, in
the method proposed here, we use temperature as the key variable for the diagnostics. Compared to wind- and polar vortex-
based definitions, temperature is a more accessible parameter that can be obtained from various observations. In addition,
temperature is a well-related parameter, when analyzing SSW relations to other phenomena in the troposphere as well as the
mesosphere and thermosphere/ionosphere. Many studies chose to use temperature solely, or combined it with wind-field
changes in studying impacts of SSWs (e.g., Zhou et al., 2002; Siskind et al., 2010 Manney et al., 2015; Jonah et al., 2013;
Kakoti et al., 2020; Singh and Pallamraju, 2015; Vignon and Mitchell, 2015). Also, further thermodynamic variables, in
particular air density and pressure, are often readily available for auxiliary co-information (Li et al., 2021).

Based on temperature changes, we designed the method to be fairly insensitive to temperature field details. Firstly, we use
robust stratospheric temperature anomaly profiles at any data location (such as a grid point) as the basis for expressing the
local warming; using an anomaly technique that has been proved useful and robust in diagnosing many other climate and
atmospheric change phenomena such as related to tropical cyclones (Biondi et al., 2015), atmospheric blocking (Brunner et
al., 2016) or thermal imprints of wildfires (Stocker et al., 2021). As described in detail by Li et al. (2021) and summarized in
Section 3 below, we then calculate vertical mean anomalies in selected stratospheric layers and categorize them into large-
scale grid cells covering the polar region, based on which we compute, on a daily basis throughout wintertime, temperature
threshold exceedance areas and related metrics, which serve as the basis for SSW detection and monitoring.

In establishing SSW climatologies (i.e., cataloguing SSW events over a multi-decadal period), previous studies generally do
only provide information about onset dates and vortex-split or displacement. In the climatology we build based on the new
method, we can provide SSW event onset date (of maximum middle stratosphere warming), duration, exceedance area, and
strength, as well as complementary day-by-day dynamic tracking of the center location, associated maximum warming, and
areal extent of the exceedance area. Furthermore, previous published climatologies reach to 2013 only and lack quality over
the 1990s decade, while we provide a climatology continuously extending from 1980 to 2021 and hence filling these gaps.
Compared to our initial method introduction and its careful evaluation in Li et al. (2021), which was based on the strong
2009 SSW event only, we focused and refined the diagnostics towards the metrics so that it now fully deploys for multi-

decadal detection, classification, and monitoring. The details on data and methodology are described next in Section 3.

3 Data and methodology
3.1 RO data

Since 2001, a continuous record of RO data is provided by GNSS RO missions, including the Challenging Mini-satellite
Payload mission (CHAMP; Wickert et al., 2001), followed by the Gravity Recovery and Climate Experiment (GRACE,
Wickert et al., 2005), the Constellation Observing System for Meteorology, lonosphere, and Climate Experiment (GRACE;
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Wickert et al., 2005), and the Constellation Observing System for Meteorology, lonosphere, and Climate (COSMIC;
Schreiner et al., 2007), the European Meteorological Operational satellites (MetOp; Luntama et al., 2008), the Chinese
FengYun-3C operational satellite (Sun et al., 2018), and others. Since the launch of COSMIC near mid-2006, which was is a
constellation of six satellites, there is sufficient coverage with RO event observations for regional-scale studies such as on
SSWs. Therefore, in this study, we use the RO data record from the wintertime 2006/07 onwards.

We use the atmospheric profiles from the Wegener Center for Climate and Global Change (WEGC), processed by its
Occultation Processing System version 5.6 (denoted as OPSv5.6 hereafter). Several studies that introduced, validated and
evaluated the OPSv5.6 record, showed that these data are of high quality (e.g., Ladst&uter et al., 2015; Angerer et al., 2017,
Scherllin-Pirscher et al., 2017; Steiner et al., 2020a; Schwé&z et al., 2021). A detailed discussion of quality aspects is
provided by Angerer et al. (2017). Based on the record available to end 2020, we use RO data from the winter seasons WO06-
07 until W19-20, which are 14 winters (“W”) in total, which we define to comprise the extended-winter season from
November to March (hence, for example, “W06-07” contains the November 2006 to March 2007 timeframe). We use the
OPSv5.6 multi-satellite data from COSMIC, CHAMP, GRACE, MetOp, SAC-C, in the form as available from the WEGC
dataset (Schwé&z et al., 2021).

3.2 ECMWEF Reanalysis 5 (ERA5) data

ERAS is the fifth-generation ECMWF atmospheric reanalysis of the global weather and climate (Hersbach et al., 2019, 2020;
Simmons et al., 2020). It was produced for the European Copernicus Climate Change Service (C3S) by ECMWF and
replaces the ERA-Interim reanalysis (Dee et al., 2011), which stopped being produced by August 2019. ERAS5 combines vast
amounts of historical observations into global atmospheric gridded field estimates, using ECMWF’s modeling and data
assimilation system. The basic resolution of ERA5 is about 30 km horizontal resolution and 137 vertical levels from the
surface up to an altitude of about 80 km. Here we use quality-assured ERA5 datasets, that are provided from 1979 onwards,
over the 42 winters from 1979/80 (W79-80) to 2020/21 (W20-21), fully encompassing also the RO data period.

ERADS data are used jointly with RO data for two purposes. Firstly, they are used as part of cross-checking the new method,
to make sure that the method can be applied to both RO and reanalysis data. Secondly, since dense RO observations are only
available from the year of 2006 onwards, we need to have reanalysis data, which provide much longer data records, to fully
explore our method and to develop a long-term SSW climatological record. We use then on a 2.5 atitude>2.5%ongitude grid,
to provide an adequate resolution that also roughly matches the RO horizontal resolution of about 300 km (eg. Kursinski et al.
1997; Anthes et al. 2008). In the vertical, we use the model-level resolution (137 levels), which is sufficiently dense for our
stratospheric altitude range over 20 to 50 km. Temporal resolution used is 6 hours (four time layers per day, at 00, 06, 12 and
18 UTC), following the experience of many previous studies that intercompared and/or jointly used atmospheric (re)analysis
and RO data (e.g., Gobiet et al., 2007; Scherllin-Pirscher et al., 2011; Angerer et al., 2017; Steiner et al., 2020a; Li et al.,
2021).
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Figure 1 illustrates characteristics of the RO and ERAS profile datasets as relevant for the present SSW study, including on
the daily number of events available (Fig. 1a) and for exemplary days during SSW events (Fig. 1b-d, see caption for details).
Evidently RO observational atmospheric profile data are comparatively sparse over the (northern high-latitude) region of
interest, while ERAS as a gridded dataset regularly provides its profiles at each and every of its grid cells without sparsity.
Hence, while the number of RO profiles is of the order of several hundred per day, the ones of ERA5 amount to near 10000
per day. Furthermore, as Figure 1b-d shows, the spatial distribution of ERAS data is regular-on-grid, while RO events occur
with reasonable overall coverage but irregular sampling in detail. A few exemplary events (“Eventl” to “Event3”) are
highlighted, against the back-plot of illustrated SSW temperature anomalies over the polar region, in order to use them next

to explain the methodology.

3.3 Methodology

Since we recently provided a detailed basic introduction of the new SSW monitoring approach in Li et al. (2021) and
discussed main overall features in Sect. 2.2 above already, we restrict to a brief summary here, supported by concise tabular
information and focusing on updates and refinements since that introduction, which provides further technical details. Table
1, which is a condensed and refined update of Table 1 in Li et al. (2021), summarizes the basic parameters and features of
the method, from definition of the temperature anomalies and the related daily threshold exceedance areas (TEAS) in three
characteristic stratospheric layers (lines (1)-(4)) via the anomaly-maximum value and location (lines (5)-(6)) to the four
derived TEA key variables during SSW events (lines (7)-(10) that monitor and characterize the different SSW phases.

Figure 2 graphically illustrates this construction of the anomalies and variables by way of the three example RO events
indicated in Figure 1 as well as correspondingly for three ERA5 profiles from adjacent grid points. It can be seen that RO
and ERAS5 profiles are overall similar, with the latter profiles somewhat smoother in their resolution of vertical variability.
Deviations of temperature and corresponding climatological profiles are smallest for Eventl that is located in a non-warming
area (cf. Fig. 1b). Event2, and Event3 that are most affected, show larger deviations and anomalies than Eventl since these
are located in the warming area of the SSW (cf. Figs 1b, 1d). Largest anomalies for the latter two events are found in mid-
stratosphere layer (30-35km), with values is about 45K and 60K, respectively. Maximum values in the other altitude layers
are smaller. In this way, these few examples are consistent with the broader and long-term picture over many SSW events
(see Sect. 4 below), which show the SSW warming to be strongest in the middle stratosphere (about 30 to 40 km).

While Li et al. (2021) introduced and tested the approach based on the single 2009 SSW event, we here made sure for long-
term application that the four SSW TEA key variables are captured and exploited in a way so that they reliably detect and
quantify actual SSW warmings, and cooling in the trailing phase if it occurs, among the on-going weaker and more “random”
polar variability due to other driving factors. The rightmost column of Table 1 (lines (7)-(10) therein) summarizes the criteria
that we chose after careful testing and sensitivity studies both with the RO and ERA5 data. Based on these well-selected

TEA key variables and the auxiliary variables on maximum-values and locations, all prepared at daily sampling, we could
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finally define the fundamental metrics and criteria that we use for the detection, classification and further qualification of
SSWs. These are summarized in Table 2, including brief explanations (rightmost column therein).

Extensive robustness and sensitivity testing provided us with due evidence and confidence that these characteristics,
effectively constructed from the dynamic temperature anomaly field as perturbed by the SSW, should enable a new level of
quality and quantitative insight into SSWs also in the long-term, completing the methodology from our initial Li et al. (2021)
single-event study. We hence applied the new method with the parameters and definitions summarized in Table 2 to the

complete RO and ERAS datasets and discuss the results below.

4. SSW detection and monitoring results
4.1 Polar cap mean anomalies overview

Figure 3 illustrates RO (Fig. 3a) and ERAS5 (Fig. 3b) polar cap (60°N — 90 °N) daily mean temperature anomalies over the 15
winters period from W06-07 to W20-21, where both datasets overlap for 14 winters and where RO data can hence be used to
cross-verify ERAS data. RO and ERAS polar cap results appear rather similar, with anomalies from ERA5 data typically
about 5K (occasionally up to 10K) larger than RO data above 35km. These differences can mainly be attributed to the
denser sampling of ERAS, leading to somewhat less spatial smoothing. In general, the overall closely similar results of these
independently produced and quite differently-sampled datasets (for detailed discussion see Li et al., 2021) lend confidence
that we may use ERAS data for the inspection of the multi-decadal time period from 1980 onwards.

Figure 4 shows the complementary back-extended polar cap temperature anomalies of ERAS for the 27 winter periods
W79-80 to W05-06. The results are overall similar with Figure 3 and both together provide a neat first overview on which
winter seasons hosted potentially strong SSWs (e.g., W84-85, W03-04, W18-19) and which appear comparatively quiet,
including with not any relevant sign of SSWs (e.g., W81-82, W93-94, W10-12). It also appears to be a very salient feature
already in this polar cap-mean inspection that strong SSW events often are entailed by a distinct upper stratospheric cooling,
which is hence reflected in our metrics definitions (see Table 2, lines (6)-(8)). Another interesting feature hinted here already
is that in the 1990s, where existing SSW climatologies detect very few events (e.g., Charlton and Polvani., 2007; Hu et al.,
2015; Butler and Gerber., 2018), we do detect several reasonably strong SSWs that classify as major events (more details in
Sect. 4.4).

Figures 3 and 4 also show that some distinct temperature anomalies are found in almost every winter in one or another form,
which underlines the fact that the polar stratosphere is quite variable in winter. Regarding SSWs, some winters signal one
strong warming, while some others show multiple moderately strong or minor warmings. Strong warming propagate to lower
altitude levels and also cause longer-lasting warmings, and as noted above may be entailed by distinct cooling (such as in the
most recent decade W12-13 and W18-19). A final observation from this basic synoptic view is that the altitude range of
maximum warming varies somewhat from event to event. For example, the W11-12 warming is found largest at about 35 to

40km, while the W17-18 warming exhibits its largest anomalies at about 25 to 30 km. Our definition of main phase,
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combining middle and lower stratospheric TEA diagnostics (see Table 1, line (9)), robustly captures such different specific

event dynamics.

4.2 SSW threshold-exceedance-area representative results

Figure 5 shows spatial contour maps of typical daily temperature anomalies across the temporal evolution (top to bottom) of
three representative SSW events of increasing strength (left to right; those already used for back-plot in Fig.1). Evidently,
both the temperature anomalies’ magnitude and warming area increase from minor to extreme event, which is in particular
visible in the mid-stratosphere temperature anomaly on the event onset date (second row). Complementary to this, the
snapshot day shown from the trailing phase (four weeks after onset date, bottom row) highlights that the extreme event (right)
exhibit a very distinct upper stratosphere cooling anomaly, exceeding —40K in a TEA of about 10 million km? size.
Following this representative spatial view on individual daily TEAs, from both warming and cooling anomalies, Fig.6
illustrates for the same three events (left to right) how our method leads from TEA timeseries in the three stratospheric layers
(first three rows) to the TEA key variables (fourth row, above polar-map plots) from which finally the SSW metrics for the
overall event characterization according to Table 2 are derived.

Daily TEA values over positive thresholds quantify the size of exceedance areas of warming while those over negative
thresholds diagnose the exceedance areas of cooling. It can be seen, for example, that MSTA-TEAs over positive thresholds
of all events increase rapidly to maximum and then quickly decrease, indicating the typical sudden warming of the primary
phase. LSTA-TEAs over positive thresholds are overall of smaller magnitude but longer duration, and with maxima delayed
against MSTA-TEAs, from the SSW downward propagation. Regarding event strength, while MSTA-TEAs >30K of major
and extreme events are relatively similar, the duration of the extreme event is longer than for the major event. The USTA-
TEA timeseries of the extreme event shows the distinct several-weeks-long cooling behavior in the trailing phase.

The TEA key variables (Fig. 6] to 61) capture the essential daily TEA information per SSW event, in the form summarized in
lines (7)-(10) of Table 1, as the basis for the three key metrics per event according to lines (1)-(3) of Table 2, the quantified
values of which are shown in the panel legends. As already indicated by the polar-cap-mean view in Figs 3 and 4, it is well
seen here that the ERA5 TEAs (heavy lines) are generally higher than from the RO data (thin lines), which in particular
applies for the trailing-phase cooling of the extreme event (Fig. 6l) in the upper stratosphere, where the sparser sampling by
RO events leads to the relatively largest difference. In terms of magnitudes, it is clearly visible from the values that the MPS,
MPD and MPA metrics reach that the event strength substantially grows from minor to extreme events (see also the strength
class definitions based on the MPS in line (5) of Table 2).

The polar-map plots of Figure 6 (bottom row) finally illustrate the dynamic event tracking information of the SSW-PP-TEA,
SSW-SP-TEA and SSW-TP-TEA timeseries for the three representative events. This view enables to see the geographic
trajectory of the daily anomaly center location (maximum-value location, cf. line (6) of Table 1) together with an indication
of the anomaly magnitude (color of corresponding TEA thresholds). This type of plots helps the detailed diagnostics and

characterization of any specific event as introduced in Sect. 2 above (for details see also Li et al., 2021).
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4.3 SSW detection and metrics-tracking results

Figures 7 and 8 employ the view introduced in Fig. 6j-61 to display the TEA diagnostics and MPS/MPD/MPA metrics results
for all SSWs detected over the full multi-decadal period from 1980 to 2021 (Fig. 7 for the recent winters since 2001/02 and
Fig. 8 for those before, up to 2000/01). Figure 7 shows that one or two SSWSs have occurred during almost every winter
(except in W04-05 and W10-11), while Fig. 8 indicates that there have been somewhat more SSW-quiet winters in the two
decades before.

The strongest event during the entire period is the one in W08-09, with a main-phase strength (MPS) of over 360 million
km?days for the ERAS5 data (330 million based on the cross-verifying RO data). The second strongest event is the one of
W18-19, where the MPS from ERA5 exceeded 290 millionkm? days. Additionally, the winters W01-02, W12-13 and
W17-18, as well as the winters W84-85, W87-88, and W88-89 in the 1980s, hosted extreme events exceeding our
classification threshold of 180x<10°km?days. Half of these eight extreme events also are seen to have caused a strong upper
stratospheric cooling during the trailing phase that lasted for more than a month.

In addition, several major events occurred (e.g., W02-03, W03-04, W05-06), with the MPS of such events varying from 90
to 180>10%km?days as defined in Table 2. Also two of the major events caused a long-lasting upper stratospheric cooling in
the trailing phase (in W03-04 and W05-06), which is an exception for these events, however. Together with these major
events also a range of minor events were detected and diagnosed, exhibiting an MPS smaller than 90>108km?days. Based on
these long-term SSW tracking results shown in Figs 7 and 8, we are now prepared to collect and analyze the long-term
results in a more climatological-statistical manner, including inspection for possible long-term transient changes in the

record.

4.4 SSW climatology and monitoring under climate change

Table 3 provides a climatological summary of the ERA5-based results for all SSW events detected during the entire 42-years
period, listing for each event the main characteristics as defined by Table 2 and intercomparing the onset date to the onset
dates found by the Butler and Gerber (2018) (BG18) work that extended to the year 2013. The latter intercomparison reveals
that a range of minor and major events was not part of the BG18 list, while several are part of that list and not detected here.
In general, the onset dates detected by the new method introduced here are consistent with those in the BG18 climatology,
with coincidence of the dates commonly within & 1day.

As a complement, Table 4 shows the corresponding onset dates and key metrics as obtained from the RO data, which
indicates that three minor events (in W07-08 and W19-20) were not making the detection threshold for this dataset though
they were detected based on the ERA5 data. One of the two of W07-08, which overlaps with the BG18 data record, also was
not detected by the BG18 work.

In terms of count statistics, we detected 40 events in the 42 winters, corresponding to a frequency of 0.95/year. Hence,

compared to the frequency estimate of 0.6/year provided by the BG18 definition, the new approach detects about 35% more
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events, close to the frequency estimate of 0.9/year by Mclnturff (1978). In general, the high consistency of onset dates with
the BG18 definition provides evidence that our new temperature-anomalies-based method is robust in detecting SSW events
and that the warming anomalies are strongly related to wind reversals during SSWs. For those events detected by the BG18
definition but not by our method (e.g., the W06-07 event in February 2007), we do find minor warmings signaled also in our
TEA diagnostics, but they do not exceed thresholds long enough (at least one week) for detection according to Table 2.

For the higher number of events that we detected, but which are not detected by the BG18 definition, the main reason is that
detection based on single altitude and latitude miss events occurred in other domain. Related to altitude, we found that a
number of events occurred at levels higher than 10 hPa and therefore such events were not detected by the BG18 definition
(e.g., in W92-93 and W00-01). In WQ7-08, we basically found four warmings (as can be seen in Fig.3), of which two
satisfied our detection criterion, which is in line with Singh et al. (2015), who also found four warmings based on a
temperature increase definition. Related to latitude, Hu et al. (2015) used a wind reversal definition at 65°N, detecting an
event on 26 January 2010, which is close to our onset date of 29 January 2010 rather than the BG18 date of 9 February 2010.
This indicates that selection of a specific latitude for detection also can hinder reliable detection.

Furthermore, our detection of a number of events in the 1990s, while BG18 detect only one in W98-99, is mainly because a
significant amount of radiosonde stations ceased operations and the availability of wind measurements to the BG18 study
was degraded. Our method, based on temperature data records (here primarily from ERADS, verified by RO data) is robust
against such observation network changes and, in addition, temperature is also an easily available variable, including in form
of multi-decadal records with reasonable long-term stability.

Figure 9 finally depicts summary statistics on the long-term results along various perspectives of interest (see the caption and
the respective panel titles for explanation of the various panels), in most cases (Fig. 9a-9d) visualizing also the strength class
of the events according to the overarching MPS metric (by orange, red, dark-red color). While as a time series the MPS
appears widely variable (Fig. 9a), the inspection of its component metrics MPD and MPA reveals that the former (the
duration) most clearly drives the strength (Fig. 9b, upper left subpanel) and that a salient trail-cooling phase, indicated by the
TPD and TPA auxiliary metrics, is dominated by some of the strongest events (Fig. 9b, lower subpanels). Furthermore,
almost all SSW onsets (95%) are found within the deep winter (i.e., the Dec-Jan-Feb timeframe, with about half in January;
Fig. 9¢) and more than three-quarters are found to have their onset location over northern Eurasia and the adjacent polar
ocean (Fig. 9d).

Visually spotting a long-term “tendency” for perhaps some strength intensification, in Figs. 9a, b and the numbers of Table 3,
we also quantitatively inspected for long-term trends in MPS, MPD, and MPA, based on decadal-mean values over 1984 to
2016 center years (Fig. 9e; events allocated to a year based on their onset month; decadal means are 10-yr-aggregated values
over center-yr—4yrs to center-yr+5yrs divided by 10 yrs; cross-check to a simple averaging over the events in any 10-yr-
window led to similar results but with somewhat more variability due to the sometimes small event count per decade). Using
linear fitting (ordinary-least-squares trend fit, including uncertainty estimation for the trend rate accounting for reduced

degrees-of-freedom due to autocorrelation and for small-sample t-distribution statistics; Santer et al., 2020; Loeb et al., 2022),
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we indeed found a statistically significant positive trend in the MPS, with a best-estimate strength intensification by 9.3
million km?days per decade (95% significance level; Fig. 9e, left subpanel), which is driven by a highly significant increase
in the MPD by about 1.3 days/decade (99% significance level; Fig. 9e, middle subpanel).

This implies an increase in the duration of SSW main-phase warmings by about 4 days from the 1980s to the 2010s, raising
the average duration by 40% from about 10 to 14 days and inducing an SSW strength increase by near 30 million km?days
(about 30%) from about 105 to 135 km?days. No significant trend was found in the MPA (Fig. e, right subpanel) as well as
the associated threshold exceedance magnitude (the average warming strength of the main-phase temperature anomaly above
threshold, as indicated by the Max AT threshold exceedance), for which sensitivity testing confirmed that it is well correlated
with the MPA (not shown). We also find an increasing trend in the number of major and extreme SSW events, by about 0.4
events per decade (near 90 % significance level); an analysis for which the time series is still quite short, however, and which
depends for the minor event counts somewhat on the threshold definition for their detection.

While a detailed interpretation and further study of the possible causes of this increase in warming duration, including cross-
comparison with other temperature field datasets beyond ERAD5, is beyond the scope of this study that focuses on introducing
the new monitoring method and related SSW climate data record, we speculate that it may be related to changes in the polar
vortex dynamics over the recent decades that have led to transient change in prevalent vortex patterns, partly induced by
anthropogenic climate change effects in the polar region (e.g., Kretschmer et al., 2018a;b). Since the MPS metric can be
interpreted as an anomalous heat energy content contained in the exceedance warming of an SSW event (similar to the
threshold exceedance metric of cooling degree days in the analysis of energy demand during hot days or even heat extremes;
Forster et al., 2021), the estimated increase by about 30 % since the 1980s corresponds to substantially more energy stored in

and released by recent SSW events.

5 Conclusions

In this study we introduced and applied a new method for long-term monitoring of Sudden Stratospheric Warming (SSW)
events based on metrics derived from daily stratospheric temperature anomaly threshold exceedance area data, refining upon
the approach introduced in Li et al. (2021), which was based on the well-known 2009 SSW event only. We applied the new
method over 1980 to 2021, including 14 winters using radio occultation (RO) data for verification (2006-2020), and all 42
winters within 1980-2021 from using ERAS5 reanalysis data. Robust SSW characterization metrics including Main-Phase
Duration (MPD), Area (MPA), and Strength (MPS) are derived, together with further auxiliary diagnostics.

Using these metrics, we proposed a new definition for SSW event detection and classification as well as explored multi-
decadal changes in their characteristics under the recent climate change. According to MPS, SSWs are classified as minor,
major, and extreme events. We also provide an informative SSW climatology over the four decades, recording valuable SSW
event characterization information, including onset date, strength, duration, exceedance area, and type of event (minor, major,

or extreme), complemented by the maximum-warming-anomaly geographic location and its associated maximum warming.
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In addition, event trailing-phase metrics as well as day-by-day dynamic tracking of the warming-anomaly center location and
associated maximum warming and of the areal extent of the exceedance area are available.

Detection results using RO and ERAS are overall similar, suggesting that the new method can be applied using both RO and
ERADS data as well as any other quality-assured observational or reanalysis temperature (field) data covering the polar region
and winter timeframes of interest. Comparison between our climatology with that from the recent BG18 climatology (Butler
and Gerber, 2018) reveals that a number of minor and major events was not part of the BG18 study, while several are part of
that one and not detected here. The coincidence of the onset dates of jointly detected events is commonly within *1day,
suggesting high detection consistency of the different methods and cross-verifying that our new method is robust.

In terms of event count statistics, we detected 40 events in the 42 winters, corresponding to an estimated event frequency of
0.95/year. Hence, compared to the frequency estimate of 0.6/year provided by the BG18 study, the new approach detects
about 35% more events, close to the event frequency estimate of 0.9/year by Mclnturff (1978). Within the 1990s, where the
BG18 study detected only two in W98-99, we detected a number of events. We also found that a salient upper stratospheric
trailing-phase cooling occurs in the wake of the main warming phase for most, though not all, of the strongest events.
Regarding temporal and spatial occurrence, we found about 95% of the SSW onset dates in deep winter (i.e., Dec-Jan-Feb
timeframe; about 50% in January) and more than three quarters of the associated onset locations over Northern Eurasia and
the adjacent polar ocean.

Regarding long-term changes, using linear-trend fitting and statistical evaluation, we found a statistically significant positive
trend in the MPS metric, with a best-estimate strength intensification by 9.3 million km? days per decade, which is driven by
a highly significant increase in the MPD by about 1.3 days/decade. This implies an increase in the duration of SSW main-
phase warmings by about 4 days from the 1980s to the 2010s, raising the average duration by 40 % from about 10 to 14 days
and inducing an SSW strength increase by near 30 million km2days (about 30%) from about 105 to 135 million km?days.
Since the MPS metric can be interpreted as an anomalous heat energy content contained in the exceedance warming of an
event, such an increase by about 30 % corresponds to substantially more energy stored in and released by recent SSW events.
No significant trend was found in the MPA as well as the associated threshold exceedance warming magnitude.

It is hoped that the results of this study can be used as a reference for further complementary long-term studies and, in
particular, also be a basis for SSW impact studies related to other weather and climate phenomena linked to SSWs, such as
changes in polar vortex dynamics and implications to mid-latitude extreme weather, among others. Follow-on work will
further investigate the SSW’s long-term evolution over the recent decades and the causes of the evidenced trends. We also
intend to investigate whether and how SSW events occurring in different regions have impacts on near-surface weather over

middle latitudinal regions of the northern hemisphere.

Code availability. The code used to produce the results of this study is available from the first author (Y. L.) upon qualified

request.
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Table 1. Basic parameters and methodology of the new SSW monitoring approach (all parameters are updated daily; the
boldfaced font in (2)-(4) and (7)-(10) marks key parameters for the monitoring as also shown in Figs. 6 to 8).

Parameter

Equation/Definition

Explanation/Description

(1) Temperature anomaly
prOfi Ie ATAnoma|y

ATAnomaly =T-Tci [K]

T represents an individual RO or ERAS profile,
Tcii is the collocated climatological profile.

(2) Middle Stratosphere
Temperature Anomaly
Threshold Exceedance Area:
MSTA-TEA [10°km?]

Altitude range: 30-35km
Thresholds selected:
+50K, +40K, +30K;
-30K, 40K, -50K

(3) Lower Stratosphere
Temperature Anomaly
Threshold Exceedance Area:
LSTA-TEA [10°km?]

Altitude range: 20-25 km
Thresholds selected:
+30K, +25K, +20K;
-20K, -25K, 30K

(4) Upper Stratosphere
Temperature Anomaly
Threshold Exceedance Area:
USTA-TEA [10°km?]

Altitude range: 40-45km
Thresholds selected:
+50K, +40K, +30K;
-30K, 40K, -50K

Based on individual AT anomaly profiles in
selected stratospheric altitude layers (e.g., 30—
35km for MSTA-TEA) first estimate layer-
mean anomaly values from these profiles. The
individual layer-mean values are then averaged
into a suitable space-time-binned grid over 50—
90°N (5°latitude =<20<longitude grid). The
geographic areas wherein grid-cell anomalies
exceed predefined thresholds (e.g., +30K) are
finally calculated and stored as the Threshold
Exceedance Area (TEAS).

(5) Anomaly Maximum value

ATAMaX [K]

Maximum (positive/negative) anomaly value of
all grid cells within a TEA obtained by (2)-(4)

(6) Geographic location (Lat,
Lon) of Anomaly Maximum
value

(DAMax [cN]v ;LAMax [cE]

Generate a contour that is 2 K smaller/larger
than the positive/negative AT amax Value; the
center of the contour is then used as geographic
location of the AT amax Value.

(7) SSW Primary-Phase

Expresses the main and primary stratospheric

Threshold Exceedance Area: (Sl\s/’l\évTZPTEiiiso K) warming anomaly strength; recorded if SSW-
SSW-PP-TEA [10°km?] PP-TEA > TEAwin (3><106km?) for >3 days.

Expresses the secondary downward propagated
(8) SSW Secondary-Phase SSW-SP-TEA = warming anomaly strength; recorded if a

Threshold Exceedance Area:
SSW-SP-TEA [10°km?]

(LSTA-TEA>+20K)

SSW-PP-TEA is recorded (see (7)) and if during
its presence the SSW-SP-TEA emerges and then
exceeds TEAwmin (3<108km?) for >5days.

(9) SSW Main-Phase SSW-MP-TEA = Expresses the combined warming of primary-
Threshold Exceedance Area: Max(SSW-PP-TEA, and secondary phase; it takes the higher value of
SSW-MP-TEA [10°km?] SSW-SP-TEA) SSW-PP-TEA and SSW-SP-TEA at any day.
(10) SSW Trailing-Phase SSW-TP-TEA = Expresses the trailing upper stratosphere cooling

Threshold Exceedance Area:
SSW-TP-TEA [10°km?]

Abs(USTA-TEA<-30K)

anomaly strength; recorded if SSW-TP-TEA >
TEAwin (3xL06km?) for >21 days.
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Table 2. Metrics of the new SSW monitoring approach for detection, classification, and further qualification (the boldfaced
font in (1)-(5) marks key metrics and criteria for the detection and classification also shown as main ones in Fig. 9).

Parameter

Equation/Definition

Explanation/Description

(1) Main-phase duration metric:

SSW-MPD [days]

Expresses SSW warming duration:
number of days with SSW-MP-TEA
available (at > TEAwin of 3%10°km?)

(2) Main-phase area metric:

SSW-MPA [10°km?]

Expresses SSW mean warming area:
average daily area of SSW-MP-TEA
during all SSW-MPD days

(3) Main-phase strength metric:

SSW-MPS [10°km? days]
= (SSW-MPA xSSW-MPD)

Express SSW warming strength:
the larger this area-duration product,
the stronger the event

(4) SSW detection criterion:

SSW-MPD > 7 days

SSW event adopted as detected and
logged to the event count

(5) SSW classification criteria:

SSW-MPS < 90 106km? days

Minor SSW event

SSW-MPS > 90 108km? days
and < 180 10°km?days

Major SSW event

SSW-MPS > 180 106km? days

Extreme SSW event

(6) Trailing-phase duration metric:

SSW-TPD [days]

Expresses the trail-cooling duration:
number of days with SSW-TP-TEA
available (at > TEAwmin of 3<106km?)

(7) Trailing-phase area metric:

SSW-TPA [106km?]

Express the mean trail-cooling area:
Average daily area of SSW-TP-TEA
during all SSW-TPD days

(8) Further SSW qualification:

SSW-TPD < 21 days

Non-trail-cooling event

SSW-TPD > 21 days

Trail-cooling event (TC)

(9) SSW onset calendar date

Onset date [yyyy-mm-dd]

The day when the primary-phase
exceedance area SSW-PP-TEA is
largest (based on (7) in Table 1)

(10) SSW onset geographic
location (latitude / longitude)

Onset location [ N/ E]

Location where AT amax OCCUrs at the
onset date (based on (6) in Table 1)

(11) SSW onset maximum
warming anomaly

Max AT [K]

Maximum warming anomaly AT amax
associated with the SSW-PP-TEA at
onset date (based on (5) in Table 1)
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Table 3. SSW climatology summary for 1979-2021 based on ERAS5 (for definition and units of all parameters see Table 2).

Winters | Onset date | MPS | MPD | MPA Type Max AT | Onset location | Onset date BG18
W79-80 — — — — — — — 1980-02-29
W80-81 | 1981-02-04 | 88.2 9 9.8 Minor 43.7 83.6°N/46.4°E 1981-02-06
W81-82 — — — — — — — 1981-12-04
W82-83 | 1983-01-27 | 73.3 8 9.2 Minor 51.9 78.9°N/87.4°E —
W83-84 | 1984-02-23 | 66.7 8 8.3 Minor 44.6 72.1°N/61.6°E 1984-02-24
W84-85 | 1985-01-01 | 192.3 16 12.0 | Extreme(TC) 54.5 66.1°N/101.4°W 1985-01-01
W85-86 — — — — — — — —
W86-87 | 1987-01-24 | 51.8 7 7.4 Minor 46.8 65.6°N/39.1°E 1987-01-23
W87-88 | 1987-12-07 | 211.9 18 11.8 Extreme 68.4 68.9°N/49.0°E 1987-12-08
\W88-89 1989-02-12 | 275.2 21 13.1 Ext_reme 49.6 84.9°N/24.2°W

1989-02-20 | 49.8 7 7.1 Minor 57.6 61.2°N/60.7°W 1989-02-21
W89-90 | 1990-02-09 | 97.3 11 8.8 Major 61.6 70.6°N/80.3°E —
W90-91 | 1991-01-09 | 121.8 10 12.2 Major 594 72.7°N/51.4°W —
W91-92 | 1992-01-11 | 129.9 13 10.0 Major 64.7 77.6°N/71.9°E —
W92-93 | 1993-02-20 | 33.2 7 4.7 Minor 45.2 73.3°N /72.2°E —
W93-94 — — — — — — — —
W94-95 1994-12-30 | 57.7 7 8. Min_or 56.9 70.3°N/140.6°E .

1995-01-26 | 144.9 15 9.7 Major 57.3 71.4°N/70.9°E
W95-96 — — — — — — — —
W96-97 — — — — — — — —
W97-98 — — — — — — — —
\W98-99 1998-12-14 | 175.8 15 11.7 ngor 57.9 72.7°N/100.3°E 1998-12-15

1999-02-23 | 85.1 11 7.7 Minor 53.3 77.2°N/89.2°E 1999-02-26
W99-00 — — — — — — — 2000-03-20

2000-12-07 | 83.1 10 8.3 Minor 56.6 68.7°N/68.7°E
WO00-01 | 2000-12-18 | 43.9 7 6.3 Minor 39.8 69.1°N/53.9°W

2001-01-28 | 51.1 7 7.3 Minor 49.6 70.3°N/77.9°E 2001-02-11
WO01-02 | 2001-12-22 | 224.9 21 10.7 Extreme 64.9 73.0°N/48.9°E 2001-12-31
W02-03 | 2002-12-28 | 161.6 14 11.5 Major 74.8 70.8°N/38.3°E 2003-01-18
W03-04 2003-12-24 | 107.6 14 7.7 Major 48.0 80.7°N/ 82.1°E

2004-01-04 | 120.6 15 8.0 Major (TC) 50.7 66.2°N/40.7°E 2004-01-05
W04-05 — — — — — — — —
WO05-06 2006-01-11 | 43.6 7 6.2 Minor 51.0 72.5°N/59.4°E

2006-01-21 | 114.6 12 9.5 Major (TC) 48.1 68.4°N/20.1°E 2006-01-21
WO06-07 | 2007-01-01 | 72.4 10 7.2 Minor 43.1 84.6°N/97.5°E 2007-02-24
W07-08 2008-01-23 | 73.9 8 9.2 M?nor 55.8 80.7°N/87.5°E

2008-02-23 | 68.3 8 8.5 Minor 56.9 65.7°N/18.7°E 2008-02-22
WO08-09 | 2009-01-23 | 366.8 24 15.3 | Extreme(TC) 65.9 76.8°N/48.6°W 2009-01-24
W09-10 | 2010-01-29 | 68.5 8 8.6 Minor 58.8 68.3°N/59.7°E 2010-02-09
W10-11 — — — — — — — —
W11-12 | 2012-01-17 | 112.1 12 9.3 Major 55.2 72.5°N/42.6°E —
W12-13 | 2013-01-05 | 191.2 22 8.7 | Extreme(TC) 48.5 67.9°N/62.5°E 2013-01-07
W13-14 | 2014-02-08 | 100.4 11 9.1 Major 69.1 70.1°N/39.4°W
W14-15 | 2015-01-06 | 146.5 16 9.2 Major 54.9 70.2°N/30.9°W
W15-16 | 2016-03-05 | 74.9 9 8.3 Minor 51.1 77.8°N/59.2°E
W16-17 | 2017-01-28 | 59.4 10 5.9 Minor 56.8 75.8°N/88.9°E
W17-18 | 2018-02-16 | 207.5 18 11.5 Extreme 60.9 61.8°N/102.0°W
W18-19 | 2018-12-25 | 290.8 31 9.4 | Extreme(TC) 60.2 77.9°N/72.5°E
W19-20 | 2020-03-21 | 57.1 7 8.2 Minor 41.7 86.5°N/22.8°E
W20-21 | 2021-01-03 | 110.2 11 10.0 Major 55.8 75.7°N/11.2°E
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Table 4. SSW climatology summary 2006-2020 based on RO, for main metrics, for enabling quantitative intercomparison to
700 the results based on ERAS as summarized in Table 3 (for definition and units of the parameters see Table 2).

Winters | Onset date | MPS MPD MPA Winters Onset date MPS MPD MPA
WO06-07 2007-01-01 | 49.7 7 7.1 W13-14 2014-02-08 84.0 10 8.4
Wo07-08 | — — — — W14-15 2015-01-06 128.8 | 16 8.0
W08-09 2009-01-22 | 329.7 22 15.0 W15-16 2016-03-05 70.1 9 7.8
W09-10 2010-01-29 | 56.3 7 8.0 W16-17 2017-01-28 52.2 9 5.8
W10-11 | — — — — W17-18 2018-02-15 186.0 | 17 10.9
W11-12 2012-01-17 | 98.2 11 8.9 W18-19 2018-12-25 275.3 | 30 9.2
W12-13 2013-01-05 | 164.5 21 7.8 W19-20 — — — —
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Figure 1. Number and distribution of RO and ERAS profile data over the Northern polar region. (a): Daily number of RO
events over 50-90°N (blue dots) and 60-90°N (green dots) for 14 winters from W06-07 to W19-20, with the blue and green
horizontal lines showing the related long-term average number, as well as the (constant) daily number of ERA5 grid-point
profiles (red and magenta lines); (b): illustrative distribution of RO event locations on 01 Jan 2007 (blue dots), and on the
previous and next days (light blue dots), over-plotted on the middle-stratosphere temperature anomaly (MSTA) of the day
(color bar), on which a minor SSW prevailed; (c): distribution of the regular ERAS5 grid-point profile locations (2.5 atitude
x2.5%ongitude grid), over-plotted on the MSTA of 09 Jan 1991, where a major SSW prevailed; (d): illustrative distribution
of RO event locations on 25 Dec 2018 in the same style as in (b), over-plotted on the MSTA of the day, on which an extreme
SSW prevailed. The green diamonds / yellow circles in (b) and (d) show the location of three exemplary RO events / ERA5
profiles (Eventl to Event3) that are located in different SSW anomaly strength conditions and used in Fig. 2 to illustrate the
anomalies construction concept.
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RO temperature and anomaly, Lat/Lon: Eventl 51.66°N/82.52°W; Event2 78.74°N/70.05°E, Event3 77.58°N/82.68°E
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Figure 2. lllustration of anomaly construction, layer selection, and computation of layer-mean anomaly values based on the
three example RO events / ERAS profiles indicated in Fig. 1b, d. (a): Event 1 to 3 temperature profiles from RO and

720 collocated climatological profiles ROcii; (b): RO temperature anomaly profiles from the difference of RO to ROc;i profiles as
well as indication of the lower-stratosphere (20-25km), middle stratosphere (30-35km), and upper stratosphere (40-45km)
layers and associated layer-mean anomaly values; (c): Profile 1 to 3 temperature and corresponding climatological profiles
from ERADS in same style as (a); (d): ERAS temperature anomaly profiles and layer-mean values in the same style as (b). The
RO satellites and event times, and ERAS analysis time layers, of these examples are (for the locations see the panel headers):

725 Eventl: COSMIC-FML1 event 01 Jan 2007 04:28 UTC; Event2: COSMIC-FM1 event 01 Jan 2007 22:44 UTC; Event3:
MetOp-A event 25 Dec 2018 17:04 UTC; Profl: ERAS profile 01 Jan 2007 06:00 UTC; Prof2: ERAS profile 02 Jan 2007
00:00 UTC; Prof3: ERAS profile 25 Dec 2018 18:00 UTC. The climatological profiles are extracted (and interpolated to the
needed locations and times) from long term-averaged (2006-2020 for RO and 1979-2020 for ERA5) monthly mean 2.5°x
2.5°temperature fields.
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Figure 3. Temporal evolution of polar-cap mean (60290°N) daily mean temperature anomaly profiles from RO (a) and
ERAS (b), over four winter months each (December, January, February, March), for the winters from 2006-07 (W06-07) to
2019-20 for RO (W19-20) and 2020-21 for ERA5 (W20-21). The RO dataset did not yet cover the W20-21 time period.
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Figure 4. Temporal evolution of polar-cap mean (60290°N) daily mean temperature anomaly profiles from ERA5, over
four winter months each (December, January, February, March), for the winters from W79-80 to W91-92 (a) and from W92-
93 to W05-06 (b), respectively. The W78-79 time period was not covered by the ERA5 dataset used.
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Distribution of middle, lower and upper stratospheric temperature anomalies
‘W06-07 Jan Minor event W90-91 Jan Major event ‘W18-19 Dec Extreme event
2006-12-30 1991-01-07 2018-12-23

740

Figure 5. Polar-view (50290°N) contour maps of W06-07 Jan Minor (left), W90-91 Jan Major (middle) and W18-19 Dec

Extreme (right) SSW example events (cf. Figs. 1 and 6), illustrating ERA5-based Middle Stratosphere Temperature

Anomalies (MSTA), Lower Stratosphere Temperature Anomalies (LSTA), and Upper Stratosphere Temperature Anomalies

(USTA). MSTA (top and second row) is shown two days before and on the defined onset date (see Table 2 for definition),
745 LSTA (third row) 4 days after the onset date, and USTA (bottom) 4 weeks after the onset date, respectively.
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Figure 6. Time evolution of the daily ERA5 MSTA (a, b, ¢), LSTA (d, e, f) and USTA (g, h, i) Threshold Exceedance Areas
(TEAS) for the same Minor (left), Major (middle) and Extreme (right) SSW events as illustrated in Fig. 5. Panels (j), (k), and
() depict the four derived SSW TEAs (SSW-PP-TEA, SSW-SP-TEA, SSW-MP-TEA, and SSW-TP-TEA in case it occurs)
according to Table 1, (7)-(10); the SSW metrics MPS, MPD, and MPA (see Table 2) are also noted in each panel, and heavy
and light lines denote ERA5 and RO results, respectively (difference especially visible for the extreme event). Panels (m),
(n), and (o) illustrate geographical tracks (numbered by day-of-winter as of 1% Nov) of maximum positive/negative anomaly
values of SSW-PP-TEA (red), SSW-SP-TEA (orange) and SSW-TP-TEA (blue).
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755 Figure 7. Time evolution of the SSW TEAs (SSW-PP-TEA, SSW-SP-TEA, SSW-MP-TEA, SSW-TP-TEA as applicable;
definitions see Table 1) for all recorded SSW events of the winters W01-02 to W20-21; the SSW metrics MPS, MPD, and
MPA (definitions and units see Table 2) are noted in the panels (E1, E2 are SSW event numbers, ordered according to the
occurrence time in a winter). ERAS results (heavy lines) are complemented by RO results (light lines, especially visible for
stronger events) for the winters W06-07 to W19-20.

31



https://doi.org/10.5194/acp-2022-497 Atmospheric

Preprint. Discussion started: 5 August 2022 Chemistry
© Author(s) 2022. CC BY 4.0 License. and Physics
Discussions

760

SSW primary-, secondary-, main-, and trailing-phase TEAs & Metrics: W80-81 to W00-01

©
3}
©  20mvpsEi=882 | T 1 T 1 T T MPS-Ei=733 | T MPS-E1=66.7 | T T
o & [MPD-E1=9 MPD-E1=8 MPD-E1=8
5 5 15 (MPA-E1=9.8 MPA-E1=9.2 MPA-E1=8.3 =1
el
8 © 10 |[=—ssw-pp-TEA -
5 < |—sswspTEA
o W g} =——SSW-MP-TEA -
0k —SSW-TP-TEA
g 0 | ] | | | | | I | | |
E Novi Declt Jan1 Feb1 Mart Novl Decl! Jan1 Feb1 Mar1 Novl Decl! Jan1 Feb1 Mar1 Novl Dect Jan1 Feb1l Mar1
- W80-81 W81-82 W82-83 W83-84
o
& 20 = T T = T T T
MPS-E1=192. T f MPS-E1=51.8 | MPS-E1§211.9] T
8« |vMPD-E1=16 =—=SSW-PP-TEA MPD-E1=7 MPD-E1F}8
S E 15[MPA-E1=12.0 =S SW-SP-TEA MPA-E1=74 MPA-E1F]1:8 =
a5 ——SSW-MP-TEA
8 2101 m—SSW-TP-TEA N
5 = i A
3 E ST : 1 g
= |
g ) | | | | |- | R | —— | | I | | - 1 I
E Novl Dect Jan1 Feb1 Mar1 Novl Decl Jan1 Feb1 Mar1 Novl Declt Jan1 Feb1 Mar1 Novi Dect Jan1 Feb1 Mar1
W84-85 W85-86 W86-87 W87-88
©
o
g 20 [MPSE=2752] T MPS-E1=97.3 | T MPS-E1=121.8] ] T MPS-E1=129.9] T
o & (MPD-E1=21 | MPD-E1=11 MPD-E1=10 MPD-E1=13
& E 15 PlS\-E1=13.1 MPA-| E1 8.8 MPA-E1=12.2 MPA-E1=10.0 =1
o MPS-E2=49.8 T
g o i PD-E2=7 SSW-PP-TEA |
g = MPA-E2=7.1 =S SW-SP-TEA
O < =——SSW-MP-TEA
I Y s ' —SSW-TP-TEA ¢ ~
£ |
g 0 L s - 1 | i L | N | 1 | | P [ | - | - 1 I
‘E Novl Dect Jan1 Feb1 Mar1 Novl Decl Jan1 Feb1 Mar1 Novl Dect Jan1 Feb1 Mar1 Novl Dect Jan1 Feb1 Mar1
W88-89 W89-90 W90-91 W91-92
@
o
S 20[vpsEl=332 | T T ‘ [ MPS-Ei=57.7 | T T T T \
o & [MPD-E1=7 MPD-E1=7
G E 15 (MPA-E1=4.7 MPA-E1=8.2 =
B |[——ssw-pp-TEA MPD- 52-115
8 210 [l —ssw-sp-TEA MPA-E2=9.7 |
g g ——SSW-MP-TEA k
B E 5| m—ssw-TP-TEA -
L
2 0 1. | P I I L \ | O IR P
‘,‘E_ Novl Dect Jan1 Feb1 Mar1 Novl Decl Jan1 Feb1 Mar1 Novi Decl Jan1 Feb1 Mar1 Novi Deci Jan1 Feb1 Mar1
W92-93 W93-94 W94-95 W95-96
8
@ 20 ' T I MPS-E1=1758 | 1
-E1= 8 -E1=83.
" Cu i I
g % ||=——SSW-PP-TEA A MPs-E2=85.1 'MPS-E2=43.9
2o, e SSW-SP-TEA ! MPD-E2=11 MPD-E2=7
¢ =101 —ssw-mp-TEA | MPA-E2=7.7 M aEZe ]
T I =7
o 0 & —CSW-TP-TEA ! m MPD-E3=7
S F i ‘MPA E3=7.37]
¢ ~4 |
2 0 . | | . | - | T | | | 1 |
..E Novl Dect Jan1 Feb1 Mar1 Novi Dect Jan1 Feb1 Mar1 Novl Decl Jan1 Feb1 Mar1 Nov1 Dec1 Jan1 Feb1 Mar1
W96-97, W97-98 W98-99 W99-00 WO00-01

Figure 8. Time evolution of the SSW TEAs (SSW-PP-TEA, SSW-SP-TEA, SSW-MP-TEA, SSW-TP-TEA) and related SSW
metrics (MPS, MPD, MPA) for all recorded SSW events of the winters W80-81 to WO00-01; same plotting style as Fig. 7.
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Figure 9. Overview of main characteristics of the 40 SSW events recorded over the 42 winters from 1980 to 2021 based on
ERAS5 data using the new monitoring approach (see Table 3 for a tabular summary). (a): time evolution of main-phase
strengths (MPS) (year tick marks denote January-of-year); (b): relation of main-phase and trailing-phase duration and area
(MPD, MPA,; TPD, TPA) to main-phase strength (MPS); (c): distribution of the number of events over the winter months
(showing the three strength types by the same color as in a, b); (d): spatial distribution of onset locations, indicating the
clustering of more than 75% of the events over the Northern Eurasia/Polar ocean region by a circle (using the same strength-
type colors as in a, b); (e): assessment of long-term trends in SSW main-phase strength, duration, and area, noting also main

Time (center winter of decadal value)

Time (center winter of decadal value)

statistical results within the respective panels (for description see text).
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