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Abstract

32 Numerous extreme climate anomalies were recorded in the northern extratropics in January-
March (JFM) 2020, significantly impacting human lives and ecosystems in the affected areas.
Those anomalies were caused by an extreme positive Arctic Oscillation (AO) event, with the

36 JFM 2020 AO index of 2.8 being the highest on the record. However, all well-established

37 autumn precursors pointed towards the following wintertime AO phase being negative. Indeed, a
38 negative AO phase was developing until late December when a sudden shift to the strong

39 positive AO event occurred in the troposphere. The geopotential anomalies associated with

40 positive AO spread into the lower stratosphere, and were steadily enhancing throughout JFM
resulting in an extremepositive’AO event. We show that the strong positive AO event was a
result of the destructive interference of the anomalous planetary waves with climatological ones,
44 which led to wave flattening and enhancement of the polar vortex.
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1 Introduction

The winter of 2019-20 was marked by numerous extreme climate anomalies. New wintertime
temperature and precipitation seasonal highs were recorded over northern Eurasiajeastern Asia,
and south-eastern North America. It was the first winter when no stable snow cover was.recorded
in the central East European Plain which resulted in dramatic changes in the regional river
discharge annual cycle and the associated human activity. These anomalies impacted human
lives not only during the winter, but also in the subsequent seasons. The snow depth and the
intensity of snow melt impact the rivers of Barents Sea Basin — positive‘temperatute anomalies
in late winter and early spring cause earlier melting of the snow, which leads to the earlier, more
intense spring floods in the northern European Russia (Kryjov and Gorelits;2019), as well as the
rivers that feed the Caspian Sea, whose shoreline is incredibly vulnerable to any inflow changes
(Akbari et al., 2020). Additionally, in Siberia, the record temperature anomalies and the unstable
snow cover which melted early led to the hottest spring on the records.as well as unprecedented
wildfires burning forests and peatlands in the spring and summer season of 2020 (Witze 2020),
impacting vulnerable areas such as the Eurasian Dryland belt (Groisman et al., 2018). Along
with direct, simultaneous negative effects from fire and smoke, these fires also contribute to the
faster melting of the permafrost, which is already impacted by climate change (e.g. Vasiliev et
al., 2020). Both burning of the peatlands and melting of the permafrost release additional carbon
dioxide to the atmosphere which then contributes o the faster' warming of the atmosphere (e.g.,
Groisman and Soja, 2009). At the same time, melting of the permafrost can affect the human
lives and the ecosystems alike trough the problems such'as erosion and land collapses (Turetsky
at al., 2019) and reappearance of the viruses and bagteria that have been trapped in the frozen
soil, such as anthrax (Revich and Podelanya, 2011).

The wintertime weather and climate in these areas are strongly affected by the Arctic Oscillation
(AO), a dominant mode of the boreal winter extratropical atmospheric variability (Thompson
and Wallace, 1998, 2000). The positive wintertime AO phase is associated with a tighter and
stronger polar vortex, enhanced zonal and weakened meridional circulation, northward shift of
the polar front over Eurasia, warmer and wetter weather over northern Eurasia and south-eastern
North America, and colder insthesnorth-eastern North America and Greenland and vice versa
during the negative phase (Thompson and Wallace, 1998, 2000). The intensity of spring floods
(Kryjov and Gorelits, 2019) and the intensity of southeastern Siberian wildfires have been linked
to the preceding wintertime AO(Kim et al 2020). The wintertime AO strongly impacts the
concurrent and post-winter enviconment particularly over Northern Eurasia, the domain of the
Northern Eurasia Future Initiative (NEFI) studies (Groisman et al., 2017; Soja and Groisman,
2018).

The AO index features strong interannual and interdecadal variability (e.g., Kryzhov and
Gorelits, 2015). The length of the reconstructed and estimated AO index series is about 120
years. However, in tetms of the AO index, two extreme wintertime AO events of the opposite
polaritieés occurred within the recent 30 years, in the winters of 1988-89 and 2009-10. The former
was a winter of the extremely positive AO event, while the latter was of the extremely negative
one! The winter of 2009-10 was detailed by Cohen et al (2010) and Wang and Chen (2010).
They have shown that the extreme negative AO event was caused by the anomalous upward
propagation of the planetary waves from the troposphere, which excited two sudden stratospheric
warmings and the destruction of the polar vortex. The new extreme AO event of positive polarity
occurred in the winter of 2019-20. This event was described comprehensively by Lawrence et al.
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(2020), who reported, among others, the extremely cold and strong polar vortex in the
stratosphere, which led to ozone depletion and extremes in the surface variables associated. with
the positive AO phase.

Prediction of the wintertime AO polarity and intensity is of crucial importance for adaptation to
the wintertime and postwinter anomalous environmental and socio-economic.conditions in
Northern Eurasia. According to the numerous model and statistical studies on the precursors of
the wintertime AO polarity, we could expect the positive phase of the AO to be preceded by a
number of specific anomalies in various environments (e.g., Folland et al., 2011; Seaife et al.,
2014; Sun and Ahn, 2015; Kumar and Chen, 2018). In particular, several precursors have been
identified in the sea surface temperature (SST) anomalies, such as an autumn- developing La
Nifia (e.g., Bell et al., 2009; Hall et al., 2014, Fletcher and Cassou; 2015) which leads to
destructive 1nterference of the generated anomalous long waves{wave numbers 1 and 2) with the
climatological ones, a negative SST anomaly in the North Atlantic subpolar gyre (Frankignoul,
1985; Rodwell et al., 1999), and a negative SST and positivé sea ice concentration (SIC)
anomalies in the Barents and Kara Seas (e.g., Jaiser et al.;2012; Scaife et al., 2014; Kim et al,
2014; Yang et al., 2016; Zhang et al., 2018) which enhance zonal circulation due to increased
temperature gradient between the middle and polar latitudes. A number of studies have also
shown that the positive phase of the wintertime AQdis preceded by a smaller autumn snow cover
extent (SCE) and slower snow cover propagation southwardiifl eastern Siberia (Cohen et al.,
2007; Cohen and Jones, 2011), as well as a larger anomalous SCE in the middle latitudes of
eastern Europe than in eastern Asia (Han and Sun, 2018):"Additionally, some autumn circulation
patterns were found to precede the positive phase of the wintertime AO. Particularly, the
negative middle troposphere geopotential height anomalies over the Taymyr Peninsula (Kryjov
and Min, 2016) and the suppressed development.of the Ural blocking (Peings et al., 2019). The
named snow and circulation anomalies leadito weakening of the East Asia trough due to warmer
surface and less cold advection‘to,East Asia inthe lower troposphere. With few exceptions,
relationships between the wintertime AO index and the listed precursors are linear, so the inverse
precursors to those listed above/indicate that the wintertime AO phase is expected to be negative.
The mechanism of the autumn surface/tropospheric precursors’ impact on the wintertime AO
implies linear interference between the climatological stationary waves and the forced
anomalous waves in the stratosphere, with the peak response, that is, constructive or destructive
interference, occurring.mainly in January (Smith et al., 2011; Smith and Kushner, 2012).

All of the listed aboyve autumn 2019 precursor anomalies indicated that the forthcoming
wintertime AO phase should have been negative or at least neutral rather than extremely
positive. The observed AO index for the JFM 2020 was, contrary to expectation, the highest on
record. That contradiction‘between the expected and the observed phase of the wintertime AO
motivated the present study.

2 Data and methods

The gridded monthly values for the mean sea level pressure (SLP), monthly and daily values for
the geopotential height, and the daily values for air temperature were provided on a 2.5° x 2.5°
horizontal grid, and the monthly values for the near-surface air temperature (T2m) were provided
on the global T62 Gaussian grid, as a part of the National Centers for Environmental Prediction
(NCEP)- Department of Energy (DOE) Atmospheric Model Intercomparison Project II’s
Reanalysis 2 (Kanamitsu et al., 2002) and span from 1979 to the present time.
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For the monthly means of sea surface temperature, Extended Reconstructed Sea Surface
Temperature (ERSST) v5, derived from International Comprehensive Ocean—Atmosphere
Dataset (ICOADS), and available on a global 2°x 2° grid (Huang et al., 2017) was,used. Monthly
sea ice concentration (SIC) was taken from the Hadley Centre Global Sea Ice and Sea Surface
Temperature dataset (HadISST, Rayner et al., 2003). The dataset utilized for thé:smonthly
precipitation averages was the Global Precipitation Climatology Project’s monthly precipitation
dataset (GPCP v.2.3, Adler et al., 2003). Additionally, monthly- and seasonal- mean AO indices
(Thompson and Wallace, 1998, 2000) were taken from the NOAA Climate Prediction Center
website. Lastly, the monthly mean snow cover extent data were derived from thé Rutgers
University Global Snow Laboratory data meshed on the irregular 88x88 grid

Climatology was calculated using the values from 1979-2018 for October,ﬁovember, and
December, and from 1980-2019 for January, February, and Mar¢ch. Monthly and seasonal
anomalies of the autumn and winter of 2019-2020 were calculated by, subtracting the
corresponding climatology from the 2019-2020 values. Daily:geopotential height anomalies were
calculated by subtracting the climatology from the 2019-2020 data, averaging over the polar cap
(poleward of 65°N) and normalizing by the standard deviation from the climatological period.
The vertical wave activity fluxes (F;) were estimated Gsing the methodology developed by
Plumb (1985). The 10-day mean anomalies of F; at'the 100hPa surface and geopotential height
of the 70hPa surface from December 1, 2019 — March 29, 2020 were calculated by averaging the
daily data over successive 10-day periods and subtracting the corresponding climatology.

The correlation coefficients between several precursors and the January AO index were
calculated based on the 40-year detrended series from,1979-2018 for precursors and 1980-2019
for the AO index. All of the indices shown.are significant at the 95% confidence level at least
(two-tailed test using a Fisher’s z-transformation), accounting for the effective sample size
(Bretherton et al., 1999). The similarities between the patterns of anomalies were assessed using
the spatial congruence coefficientsywhich are also referred to as an unadjusted anomaly
correlation coefficient (Wilks, 2011, Section 8.6.4). All of the shown congruence coefficients are
significant at the 95% confidence level at least (one-tailed test based on the Monte-Carlo
simulation). N

3 Results and discussion

3.1. The JFM 2020 AO index and environmental anomalies

The JFM 1989 AQ index was the highest on the record (+2.6) until the winter of 2020 (Fig. 1a),
when the new highest positive JFM AO index was documented (+2.8). The JFM SLP anomaly
pattern (Fig. lb) closely.resembles that of the AO, with the negative SLP anomaly over the polar
area and two/centers of the positive anomalies, Atlantic and Pacific. The geopotential height of
500hPa surface(Z500) anomalies show quite a zonally symmetric pattern (Fig. 1c) with almost
uninterrdpted belt of the positive anomalies in the middle latitudes. However, conversely to the
typical AO pattern, the SLP and Z500 anomalies were stronger in the Pacific center than in the
Atlantic one,in.2020.



Page 5of 16 AUTHOR SUBMITTED MANUSCRIPT - ERL-110377.R1

a) JFM AQ index

oNOYTULT D WN =

_—_ a0
N = O
=}
=}
|

RGN
EN )

| \ =
1960 1980 2000 2020

_ —a
N O w»n

b) JFM mslp anomalies (hPa) - 2020 vs 1980-2018 climatology ¢) JFM 500hpa gph anomalies (m) - 2020 vs 1980-2019 climatology
180 180

150W = 150E 150 150W = 150, h
135 S
= 120 L
) 105 | y
120W | . R 1208 20 | ' )
Te— / : 75 . S 5
4, Fi y / ; £ v

20w

—_
[ee)

N NNDN =
W N = O v

WE o

- T Ay {
) ¥ . .
105 L\ : I .
= 120
- o N aoe
\k\L ——

d) JFM t2m anomalies (C) - 2020 vs 1980-2019 climatology [}
180 180

50w = 150E 65 150w ‘(;f! 150E

NN
(G N
3

N
o)}

ow A ; -

30E

NN
o N

E

| Rl
25858

N
O

JFMipiecip anomalies (mmifday) - 2020 vs 1980-2019 climatology

w
o

w w www
o bdh WN =

90E

w W w
0 N O

+ 60E A5

AW
[« 2aVe]

B
A WN =

Figure 1. Time'seties of the JFM AO index (a) and observed JFM 2020 anomalies of (b) mean
SLP (hPa), (¢) Z500 (m), (d) T2m (°C) and (e) precipitation rate (mm/day).
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The T2m anomaly pattern of JFM 2020 shown in Fig. 1d was typical for the positive AO phase
(Thomson and Wallace, 2000). Record breaking positive anomalies of up to 7°C spanned the
notth-western Eurasia and eastern Asia, with the highest anomalies being recorded in the
Siberian region, the NEFI domain. It is worth noting that more than half of the amplitude of
these anomalies is congruent with the AO (Lawrence et al., 2020).
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The positive anomalies of up to 3.5°C were observed in south-eastern North America.
Meanwhile, north-eastern North America and Greenland featured strong negative T2m
anomalies. The only difference from the general AO-related T2m anomaly pattern.was the
absence of the northern Africa negative anomalies caused by the weakness of the Atlantic
SLP/Z500 center. Although the AO is not strongly manifested in precipitation,‘the precipitation
pattern of JFM 2020 (Fig. 1e), particularly the interrupted strip of enhanced precipitation from
south-eastern North America via the North Atlantic through the Taymyr Peninsula, definitely
shows the shift of the polar front northward over the Atlantic-western Siberian sector (Hall et al.,
2014) which is typical for the positive AO phase (Kryzhov and Gorelits, 2015).

Thus, the JFM 2020 SLP and Z500 anomalies as well as the temperature and precipitation
anomalies revealed an extremely strong positive phase of the AO, withithe JFM AO index being
the highest on the record, at least since the early 20t Century.

3.2. The autumn 2019 precursors

Given October and November precursors, we might have‘expected:the wintertime AO index to
be negative in 2020. Figure 2 shows the SST anomalies for October and November (ON,
hereafter), and the sea ice anomalies for October preceding three extreme AO winters (2019,
2009 and 1988). In ON 2019, the positive SST anomalies (Fi& 2a) covered the equatorial central
Pacific, with the Nifio3.4 index being positive (+0.5). Similar positive SST anomalies and the
positive Nifio3.4 index (+1.3) were observediin ON 2009 (Fig. 2b) preceding the extremely
negative AO winter. On the other hand, in 1988, before the extremely positive AO winter, the
SST anomalies in the equatorial central Pacific.and the Nifio3.4 index (-1.8) were negative (Fig.
2¢). Thus, the autumn equatorial centfal:Pacific SST anomaly and the ENSO predicted a negative
AO phase rather than a positive, in accotdance with Bell et al.(2009), Hall et al. (2014), and
Fletcher and Cassou (2015). The relationshipsbetween the AO indices and the ENSO is not
strong (L’Heureux and Thompson;2005), at least for moderate AO events. However, it is the
first occurrence in recorded history where an extreme positive AO event was preceded by a
developing El-Nifio.

Another precursor is the SST anomaly.in the North Atlantic subpolar gyre (Frankignoul, 1985;
Rodwell et al., 1999). This was/quite positive in 2019, similar to the ON 2009 preceding the
extremely negative AO event; witha congruence coefficient between the SST anomaly patterns
in the Atlantic belt SON-80N east of 50W being +0.55. The congruence coefficient with the ON
1988 SST anomaliesswas -0.51:

The most studiedsand supported precursor of the wintertime AO polarity is the autumn Barents
and Kara Sea (BKS) SIC anomalies, with the relationships being significant for both interannual
and trend-liké SIC impact.on the AO and Northern Eurasia climate (e.g., Petoukhov and
Semenov, 2010;Jaiser et al.; 2012; Scaife et al., 2014; Kim et al., 2014; Yang et al., 2016; Zhang
et al., 2048). The BKS October SIC anomalies (Fig. 2d) were negative, similarly to those of 2009
(Fig. 2e, congruénce coefficient +0.8) preceding the extremely negative AO polarity, and
opposite to.the BKS October positive SIC anomalies of 1988 (Fig. 2f, congruence coefficient -
0.66). The correlation coefficient between the October SIC anomalies area-averaged over BKS
(60N-85N, 30E-100E) and January AO index is 0.51 on the detrended series and 0.44 on the
originalbenes. The normalized (in respect to 1979-2018 period) October 2019 SIC value was
1.21. Thus, the autumn BKS SIC anomalies also predicted the negative AO phase.
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Other precursors, not shown here, also indicated the negative AO polarity for the winter of 2020.
According to Smith et al. (2011) and Smith and Kushner (2012), the peak response to the autumn
precursors occurs in January. The 2020 January AO index was +2.42. We have “predicted™ it
with a number of the well-established autumn precursors by linear regression. Over the training
period (1980-2019), the AO index mean and standard deviation were -0.08 and‘1.39,
correspondingly.

Kryjov (2015) documented the strong relationships between the October Taymyr Circulation
Index (TCI) and the DJF AO index. The correlation coefficient between'October T€T and
January AO index was -0.51. Normalized 2019 October TCI was 0.67, predicting January AO
index at -0.56. Peings (2019) showed that the positive November Z500 ancgnaly over the Urals
(referred to as the Ural Blocking Index, UBI) tends to precede the negative wintertime AO
polarity. The correlation between the November UBI and January. AO was <0.43, with the
normalized UBI value being 1.17, yielding a January AO index of -0:78. Thus, these two indices
indicated that the AO polarity in January tended to be negative. Meanwhile, the QBO signal was
very weak, and, in general, the autumn status of the stratosphere did not suggest evolution
toward the exclusively positive AO phase (Kryjov and Park, 2007; Peings et al., 2017).

The snow-cover extent anomalies over the eastern Siberian-Mongolian region were positive
(figures are available at https://climate.rutgers.edu/snoweoverfindex.php) in October and
November, while the November snow cover extent inmorth-eastern Europe was below normal,
with both the October (Cohen et al., 2007; Cohen and Jones, 2011) and November (Han and Sun,
2018) snow patterns indicating a negative wintertime AO polarity. In particular, the November
snow index of Han and Sun (2018), which is defined as the normalized difference between the
snow cover anomalies over the Mongolian.region.and over eastern Europe, which correlates with
the January AO index with a coefficient of -0.53, was 1.2, and the linear regression yielded a
January AO index of -0.96.

Thus, the state of well-established autumn precursors of the wintertime AO phase, supported by
both empirical and model studies and by the use in operational practice, definitely indicated that
the JFM 2020 AO phase would be negative or neutral, at least. No autumn precursors indicated
the extremely positive AO phase}'or the forthcoming winter.

Nevertheless, six seasonal prediction systems contributing to the seasonal forecast database of
the Copernicus Climate Change:Service predicted the correct AO polarity but essentially
underestimated its intensity.(Lee et al., 2020). The authors also noted that model experiments
would be required to allocate the source of predictability fully. Hardiman et al. (2020) suggested
that the strong pesitive Indian Ocean Dipole (IOD) event in autumn 2019 was the source of
predictability. However, this specific IOD teleconnection is active when the ENSO is neutral, so
it is not a universal predictor. Particularly, the IOD was negative in 1988, preceding the previous
extremely positive AQ, and positive in 2009 preceding the extremely negative AQ. It should also
be noted:that the prediction of the extratropical Z500 tercile probabilities for JFM 2020 issued by
the World Meteorological Organization Lead Center for the Long-Range Forecast Multi-Model
Ensemble (WMO LC-LRFMME) was uncertain. That is, the predicted probabilities of the
equiprobable tercile categories did not differ significantly from 33%. This multi-model ensemble
comprises seasonal predictions from 12 designated WMO Global Producing Centers, including
those discussed by Lee et al. (2020). These forecasts are available at wmolc.org (Kim et al.,
2016).
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d)October sea ice anomalies - 2019 vs 1979-20

a)ON SST anomalies - 2019 vs 1979-2018 climatology
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e polar cap daily normalized geopotential height anomalies from October 1 to

e positive anomalies spanned the whole troposphere and lower stratosphere in

larly to 2009 (Fig. 1a of Cohen et al., 2010). In November and December, the

evelopment of the negative AO event continued, with the positive anomalies becoming stronger
ressing upwards in November and then back downwards during December. This
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evolution closely matches the general scheme of the development of the negative AO event
suggested by Baldwin and Dunkerton (2001) and Cohen et al. (2007). Also, this evolution.was
similar (with some two-three week lag) to that of 2009 (Fig. 1a of Cohen et al., 2010). Therefore,
establishing of the moderate positive (at least, near zero) polar cap anomalies, in the troposphere
was expected. Furthermore, the geopotential height anomalies in the stratosphete were near zero
and no negative anomalies could descend in late December.

10

20 4
< 50 . 2
5 100 0
- | ——
0 B
500 4
1000 . | : EamE g
1 Oct 31 Oct 30Nov 30Dec 29 Jan 28Feb 29 Mar

Figure 3. Evolution of the daily normalized anomalies of geopotential height area averaged over
the polar cap (65°N-90°N) for the period from October 15t 2019 to March 315t 2020.
&

However, in contrast to December 2009 when the descending positive anomalies explosively
enhanced in the lower troposphere, in late December 2019, the negative geopotential height
anomalies suddenly arose in the lower troposphere and spread throughout the whole troposphere
and lower stratosphere resembling a scheme'of the positive AO event development of Baldwin
and Dunkerton (2001). These anomalies persisted all throughout the rest of the winter, steadily
enhancing and leading to the most extreme positive JFM AO event in recorded history.

Figures 4 and 5 show respectively the 10-day-average F; anomalies at 100hPa and geopotential
height anomalies of the 70hPa surface over the northern hemisphere (20°N-85°N). The black
contours represent respective 10-day climatologies. The vertical wave activity flux, Fz, is
proportional to the meridional ed}y heat flux (Plumb, 1985). The anomalous wave activity flux
forms anomalous ridges (positive F7) or troughs (negative F) above it in the stratosphere, which
can lead to the destruetion or enhancement of the polar vortex through the interference with the
climatological ridges and:troughs (Smith and Kushner, 2012).

In the first two decades of December, the directions of the anomalous F; mainly coincided with
the directions of €limatological fluxes (Figs. 4a and 4b), particularly, climatological upward
fluxes over eastern Siberia’and downward fluxes over northern North America were enhanced by
the anomalies. These anomalies were favorable for meandering of the polar vortex and
associated negative AO polarity. That was also reflected in the enhancement of the
climatological ridge over the eastern North Pacific and troughs over eastern Asia and eastern
North America (Figs. 5a and 5b). In the last 10 days of December there were positive Fz
anomalies over north-eastern Asia, enhancing upward climatological flux. However, at the same
time, strong.downward F; anomalies developed over the mid-latitude North Atlantic offsetting
the elimatological upward flux (Fig. 4c). The corresponding geopotential height anomalies
(Fig.5¢)were weak but definitely out-of-phase with climatology.
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Figure 4. Succession of the 10-day averaged F; anomalies (shading, [10~ m?/s?]) and
climatology (contours) at the 100-hPa surface for 120 days from December 1% until March 29,
Contour interval is 10-3 m?/s?, negative values are dashed; 0'value eontour is of double thickness.
Positive climatological values indicate upward flux, while negative values indicate downward
flux. The 10-day intervals are shown in the top right hand corner of each panel.

L

At the beginning of January, the F; anomalies were weak (Fig. 4d). However, the enhanced
anomalous downward wave activity fluxes oceurred over the regions of climatological upward
fluxes starting from mid-January (Fig. 4e) and continuing through late March (Fig 41), with the
exception of late January and early February (Fig. 4g). Meanwhile, over northern North America
and the American sector of the Arctic, the upward F, anomalies prevailed, which were also out-
of-phase with climatology. Those anomaliesiplayed a role in destructive interference and
flattening of the planetary waves and strengthening of the polar vortex. Starting from the first
decade of January, the geopotential height was steadily increasing in the middle latitudes and
decreasing in the polar area (Fig. 5d — 51) which were maintaining and enhancing the polar
vortex and developed into the ex@me positive AO event.

_Dec11-20 ©)
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Figure 5. Succession of the 10-day averaged geopotential height anomalies (shading, [m]) and
climatology (contours) of the 70-hPa surface for 120 days from December 15 until March 29t.
Contourinterval is 100m, and the 17,600m value contour is of double thickness. The 10-day
intervals are shown in the top right hand corner of each panel.
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Thus, in October through December, the moderate negative AO event was developing. Then, in
late December, a sudden shift to the development of the positive AO event occurred.
Furthermore, from early January through March, there was a definite steady enhancement of the
polar vortex, reflected in the intensification of the positive AO event, caused,by the Fz anomalies
out-of-phase with climatology and corresponding destructive interference of anomalous-and
climatological waves. Some weakening of the process in early February did not reverse it. We
hypothesize that the shift to the positive AO event in late December was excited by the strong
anomalous downward F; over the mid-latitude North Atlantic. This anomalous Fz.in the lower
stratosphere is associated with enhancement of the polar vortex (Jadin,2011), that 1s,
enhancement of the positive AO event. Furthermore, since the climatelogical F7 is upward over
the mid-latitude North Atlantic, the strong downward F; leads to the destruetive interference of
the associated planetary waves. Hardiman et al. (2020) showed that the very strong positive
autumn IOD event, the second strongest after that of 1997, could have triggered the Rossby wave
train originating from the Indian Ocean over the Pacific and towards the North Atlantic, which
would be consistent with the anomalies of F observed in late January and early February.

4. Conclusions

The JFM 2020 AO index was +2.8, the highest on the record since the beginning of the 20th
Century at least, with the climate anomalies, associated with-the positive AO event, being
observed. Over large areas, the AO-related anomalies achieved extreme amplitudes, particularly
the positive temperature anomalies over northeérn Eurasia: These have caused undesirable
consequences for humans and ecosystems alike, from changes of water cycles to the
unprecedented Siberian wildfires, which impacted the already vulnerable areas such as the North
Eurasian Dryland belt, the Arctic peatlands, and.the Caspian Sea catchment.

The extremely strong and long-lasting polar.vortex in 2020 also had the highest potential for
chemical destruction of the ozofie layer on record, with the FMA column ozone being the lowest
since at least 1979 (Lawrence et al., 2020).Meanwhile, the preceding autumn precursors of the
wintertime AO phase were favotrable fordevelopment of the negative rather than positive AO
event. And the climate system evelved that way until late December, with the polar cap positive
geopotential anomalies steadily aéscending from the stratosphere to troposphere. However, the
negative anomalies suddenly arose in the lower troposphere and then spread throughout the
whole atmosphere upytos1 0 hPa at least. The polar cap negative geopotential anomalies were
maintaining and steadily enhancing from January through March. During these three months, the
destructive interferenceof the planetary waves leading to flattening of the waves was distinctly
monitored in the lJower stratosphere. Associated enhancement of the zonal circulation and
weakening of meridional one positively feedbacked on the thermal/geopotential gradient
between the middle and high latitudes.

In late Decembet-early January, when the polar cap geopotential anomalies suddenly became
negative, strong anomalous downward F; occurred over the mid-latitude North Atlantic. The Fy
anomalies were out-of-phase with climatological patterns. Therefore, we suggest that this out-of-
phase event may have resulted in the destructive interference of the planetary waves, leading to
flattening of the climatological waves and the development of the extreme positive AO event. This
is in agreement with Lawrence et al.(2020) in that the stratosphere-troposphere interactions played
an important role in the development and persistence of the strong polar vortex and positive
tropospheric AO.
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However, further investigations should be performed on the triggering mechanism to‘determine
which climate system anomalies triggered the F; and geopotential height anomalies'which were
out of phase with climatological patterns.

The abnormality of the winter of 2020, as well as the consequences of the extreme Artie.Oscillation
event for both the ecosystem and human lives, have put additional emphasis,on the need for
improving of both statistical and numerical predictions of the AO polarity anddintensity. The winter
of 2019-2020 shows the failure of the well-established precursors skillful ifi'the past. The current
research was limited to the analysis of the well known precursors andsthe development of the
Arctic Oscillation in the winter of 2019-2020, but further research should be performed to answer
the additional questions that emerged during the study, such as whattriggered the anomalous F,
which other precursors have predicted this winter correctly, what were thessources of predictability
in the models and how reliable are the existing precursors in the changing climate.
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