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The atmospheric dynamics during the occurrence of the extreme negative value of the
Arctic Oscillation Index in February 2010 are investigated using meteorological fields
from ERA-Interim and ERA-40 reanalysis data. The study focuses on the possible
causes of this anomalous value, finding that it was forced by a geopotential anomaly
that propagated downward from the stratosphere to the troposphere in association
with a major sudden stratospheric warming event which occurred at the end of
January. An analysis of the dynamics of this warming is also developed, together
with a comparison with past similar events. Synoptic and spectral properties of the
geopotential fields are analyzed, and the time series of the ‘Baroclinic Activity Index’
are computed, finding an abrupt increase of the middle latitude baroclinic activity
immediately after the central date of the warming event. A possible interpretation
of this feature is proposed. Copyright (©) 2012 Royal Meteorological Society
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1. Introduction

The Arctic Oscillation Index (AOI) is one of the most
prominent indices describing a major variability mode of
the atmosphere in the Northern Hemisphere (NH). Its
modulations are closely linked to the intensity of the NH
polar vortex: a positive value of the AOI is associated with
a strong vortex, while a negative one denotes a weak vortex
(Thompson and Wallace, 1998). The AOI is also found
to be highly correlated with the tropospheric circulation,
meaning that during a positive phase of AO, the hemispheric
circulation is predominantly zonal, while during a period of
negative AOI the meridional flux of air masses is enhanced.

Recent studies (Baldwin and Dunkerton, 1999, 2001;
Christiansen, 2001) have shown that some mid-stratospheric
anomalies, such as geopotential and temperature anomalies,
can propagate downward to the troposphere after the
occurrence of sudden stratospheric warming (SSW) events
(on a time-scale of order of weeks). These anomalies have
been found to influence the tropospheric state through a
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number of possible mechanisms, including the descent of the
critical lines (Matsuno, 1971), potential vorticity inversion
(Harley et al., 1998) and downward reflection of planetary
waves (Perlwitz and Harnik, 2003). These mechanisms affect
the structure and intensity of the polar vortex itself, resulting
also in a change of the tropospheric AO signal. In fact, there
is a tendency for negative values of AQOI after an SSW
event (Limpasuvan et al, 2004), in particular after those
events dominated by a wave-2 geopotential component
(Nakagawa and Yamazaki, 2006). Apart from the large-
scale circulation impact, a statistically significant increase in
the baroclinic activity in the troposphere has been noted,
both from numerical studies and observations (Polvani and
Kushner, 2002; Wittman et al., 2007; Simpson et al., 2009;
Tanaka and Tokinaga, 2002).

During February 2010, the AOI reached its most negative
value since 1950, i.e. since high-resolution data have
become available. According to the mentioned correlation
between the AOI and the tropospheric circulation, that
month was characterized by a series of severe cold
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weather conditions over North America (e.g. snow cover
maps at http://www.nohrsc.noaa.gov/nsa/) and over Europe
(http://www.dwd.de/, section ‘Climate+Environment’). On
the other hand, the 2009—2010 winter NH was characterized
by an intense Rossby wave activity, presumably connected
to the concomitant occurrence of an El Nino phenomenon
of moderate to strong intensity, whose upward propagation
repeatedly disturbed the polar vortex from early November
2009 to the end of February 2010.

In the present work we have analyzed the causes of
the extreme value reached by the AOI in February 2010.
In section 2 we briefly describe the data and the analysis
methods used. In section 3 we examine the stratospheric and
tropospheric dynamics for the period January—February,
with a focus on the synoptic and spectral features of the
fields. Section 4 contains a comparison with the events
observed in the past. Then, in section 5, we give some
additional discussions, while section 6 concludes the paper.

2. Data and analyses

In this study we have used the daily mean data from the
European Centre for Medium-range Weather Forecasts
(ECMWEF) reanalysis datasets ERA-Interim and ERA-40
with 2.5° latitude by 2.5° longitude resolution over a total
of 22 pressure levels from 1000 to 1 hPa. A detailed study
of the event was made for January—February 2010, while the
months from December to April of the years 1958 to 2009
were used for climatological comparison. Monthly and daily
mean AOI at 1000 hPa has been retrieved from the (US)
National Oceanographic and Atmospheric Administration
(NOAA) web site (http://www.cpc.ncep.noaa.gov).

As a main diagnostic tool for the wave activity, we used
the Eliassen—Palm (E-P) flux (Eliassen and Palm, 1961;
Palmer, 1982), while to explore the contributions of the
various geopotential zonal wave numbers to the tropospheric
forcing, we performed a Fourier analysis of the geopotential
field.

Following Benzi (1986), Hansen and Sutera (1986) and
Vitolo et al. (2009), we computed the time series of the
Baroclinic Activity Index (BAI) and used it as a proxy for
the baroclinc activity in the middle latitudes. The BAI was
calculated by taking the geopotential height field at 500 hPa
and averaging it over the latitudinal band 30°-60°N. After
a Fourier decomposition of this quantity, BAI is defined as
the mean square root of the sum of wave numbers 6-8. In
the same way, we have defined an ultra-short synoptic wave
index (which we will refer to as BAI,) for the wave numbers
9-11, which we used to put into context the timing of
the tropospheric response in different synoptic wavelength
ranges.

3. Results

The 2009-2010 winter NH was characterized by a series of
extremely low mean monthly AOI, starting in December
(Wang and Chen, 2010) and culminating with the negative
peak of February, when the AOI reached the record value
of —4.266. The historical time series of monthly mean AO],
from 1950 to 2011, is shown in Figure 1.

In order to get a closer look at this anomalous condition,
let us consider the AQOI daily evolution from 1 January to
28 February 2010 (Figure 2(a)). From this time series, we
can see that, after an initial negative peak in the first days
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Figure 1. Monthly mean AOL from January 1950 to April 2011. This figure
is available in colour online at wileyonlinelibrary.com/journal/qj

of January, the index rose until the middle of the month
and then dropped to strong negative values, which lasted
through February.

Analyzing the atmospheric pattern of the same period,
we find that the initial (i.e. at the beginning of January)
AOI negative values were due to a residual tropospheric
geopotential anomaly associated with a minor SSW event,
which occurred during the first half of December. This
anomaly consisted of blocking configurations over the upper
Atlantic and Pacific Oceans which affected only the lower
stratospheric structure of the polar vortex, while leaving its
upper stratospheric part almost unchanged.

The subsequent (late January) AOI negative value, in
contrast, was due to a new geopotential and temperature
anomaly, formed on 20 January, which propagated
downward from the stratosphere to the troposphere,
affecting the whole polar vortex structure. The latter anomaly
reached its maximum value on 12 February around 200 hPa,
as shown in Figure 2(b, ¢), and was associated with a major
SSW event which started from the middle of January and
culminated on 27 January, the central date of SSW according
to the definition in Charlton and Polvani, 2007 (Figure 2(d)).

Figures 2(d—f) show the time series of some atmos-
pheric field averages, which can be taken, following
Coy et al. (2009), as indicators of the stratospheric response
to the tropospheric forcing. As we can see, the 10 hPa eddy
momentum flux (#/v/), zonally averaged at 50°N, gradually
rose until the end of January, together with the eddy heat
flux (V'T') (not shown). This latter resulted in a growth
of the polar stratospheric temperature of about 40K in a
week, which induced a complete reversal of the meridional
temperature gradient and caused the change of the zonal
wind direction from westerly to easterly. Under the effect of
forcing, the polar vortex was weakened, shifted out from the
pole and split into daughter vortices.

Following the dynamics of the polar vortex during
January—February, i.e. looking at the geopotential and
potential vorticity fields, this period can be divided into
three main stages of development:

(i) a displacement phase, from 15 January to 28 January;
(ii) a first split phase, from 28 January to 8 February;
(iii) a second split phase, from 8 February to 28 February.

Q. J. R. Meteorol. Soc. (2012)
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Figure 2. Time evolution, from 1 January to 28 February 2010, of (a) daily mean AOI; (b) normalized 1000-1 hPa geopotential height anomaly with

respect to its climatological average (1989-2009), averaged poleward of 60°

N; (c) is as (b), but for the temperature anomaly; (d) 10 hPa 60°N zonally

averaged zonal wind (ms™!); (e) 10 hPa 50°N zonally averaged momentum flux (m?s~2); and (f) 10 hPa 90°N temperature (K). The vertical dash-dotted
line denotes the central date, corresponding to the first day with negative zonal wind. The dotted line in (d) marks the zero axis. This figure is available in

colour online at wileyonlinelibrary.com/journal/qj

Before going on with the description of each phase, it
is worthwhile to note that this separation could also be
inferred quantitatively, for example by means of the method
of geometric moments developed by Hannachi et al. (2011).
However, as stated in the section devoted to climatology, our
case presents no particular ambiguities, if compared with
the commonly quite elusive timing of the phenomenon.
3.1. Displacement
The displacement phase coincides with the first steps of
the warming event, and spanned the time period from the
middle of January to 28 January. As we can see in Figure 3,
the dominant 10 hPa geopotential (zonal) wave component
during this period is number 1; looking at Figure 4, showing
the northern hemisphere 10 hPa geopotential field, we find
that this strong wave component was associated with an
extensive anticyclonic circulation centred over the Aleutian
Islands, which propagated from the troposphere to the
stratosphere. This ridge, present since the early days of the
month, intensified from 15 January onwards, and forced the
polar vortex to shift over Eurasia (as shown in the sequence
of Figure 4); its appearance was also locally associated with a
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great enhancement of the 10 hPa heat and momentum eddy
fluxes, (v'T’) and (4/v") respectively (not shown).

With reference to Figure 5, showing the E-P fluxes and
the zonal wind vertical sections for some days together with
their January climatological averages, we can see that the
E-P flux components on 21 and 26 January were strong
compared to their climatological values. This is indicative
of an intense wave activity which, during the days before
the central date, entered into the stratosphere from the
troposphere, disturbing the stratospheric circulation from
the middle to polar latitudes. Looking at the zonal wind,
we find that the first easterly currents started on 21 January
poleward of 80°N and propagated downward and southward
following the convergence zone of the E-P flux, according to
the non-acceleration theorem (Charney and Drazin, 1961;
Andrews et al., 1987, pp.130-133).

3.2.  First split

After the peak-event of 24 January, associated with the
mentioned anticyclonic circulation, the amplitude of the
geopotential wavenumber 1 component started to drop,
while wavenumber 2 component abruptly increased beyond
28 January (Figure 3). This event was due to the formation

Q. J. R. Meteorol. Soc. (2012)
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Figure 3. Time series of the 10 hPa 30—60°N averaged geopotential height
wave components: 1 (dashed line), 2 (line with squares) and 3 (line with
asterisks) from 1 January to 28 February 2010. This figure is available in
colour online at wileyonlinelibrary.com/journal/qj

of a new anticyclonic system, centred over Eurasia, which
propagated to the stratosphere and forced the polar
vortex until its breaking on 4 February. From the 10 hPa
geopotential height field evolution, we can see that during
this day the polar vortex was split into two distinct
centres located over northern Europe and over central
China, with the former presenting a wider spatial extension
and the latter vanishing a few days later (Figure 4).
This behaviour is in agreement with well-known results
(e.g. Andrews et al., 1987; Martius et al., 2009, provide a
more recent review), according to which the geopotential
wavenumber 1 component causes the displacement of the
polar vortex, while wavenumber 2 is at the origin of the split.

The first split phase spanned the time period from
28 January to 8 February, during which a reduction of
the E-P flux in the stratosphere is found, corresponding to
areduction of both momentum (Figure 2(e)) and heat eddy
flux components (not shown).

A further comment is in order concerning the
propagation, in the central part of this period, of the
geopotential and temperature anomaly, since the latter
appears not to efficiently propagate deep into the lower
troposphere, unlike the former. This fact is related to the
planetary-wave heat transport, which is much more efficient
in the upper troposphere and above it, since the planetary
wave amplitudes grow with height. Instead, in the lower
troposphere, the dominant transport mechanism is driven
by baroclinic waves, which guide (or inhibit) heat fluxes
from lower latitudes across 60°N. As a consequence, below
500 hPa the temperature anomaly induced by planetary-
wave heat transport is greatly masked. This behaviour is
observed in almost any past SSW event, as will be pointed
out in section 4.

3.3. Second split

Following the dynamics of the polar vortex, we observe
that after its breakdown on 4 February, the Euro-Asiatic
ridge rotated to the west, became positioned over the North
Atlantic Ocean, allowing the polar vortex to recompose on
the thin line connecting Northern Europe to Greenland
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at 60°N. Later, on 11 February, a new anticyclonic centre
appeared over Eurasia and started to force the polar vortex
until (on 19 February) it was split into three distinct centres
of action located over Asia, Europe and Canada, with the
last one having a wider spatial extent (Figure 4).

Looking at the corresponding geopotential zonal wave
signal (Figure 3), we can see that the geopotential wave 1
component increased until 10 February, after which it
dropped while the wave 3 component started to rise.
Following these dynamics, wave component 1 became the
dominant one up to 15 February; then wave 3 component
started to prevail, forcing the polar vortex to break. The
vortex then became weaker and distorted and remained so
for the rest of the month, with the two persisting separate
European and Canadian centres, while the Asian centre
slowly disappeared.

As a possible physical mechanism leading to this wave-3
splitting event, it can be inferred that Rossby wave-3 upward
pulse could have originated from the exceptional extension
of snow cover over the Eurasian region (Cohen et al., 2010),
lasting from early October, with its associated cold air
high pressure centre. As a matter of fact, it is interesting
to note that the December—February Eurasian snow cover
extent, as derived from NOAA’s satellite-sensed observations
(Robinson et al., 1993), was the second greatest during the
period 1966—2010. In spite of this, it is hard to assert how
much the origin of the AOI record value was due to this
anomalous snow cover; while it most probably influenced
the origin of the wave-3 forcing, it is not equally true that
this forcing was the dominant factor of the AOI negative
peak, as we will point out in the final section.

4. Comparison with past split events

In order to put the previous analysis in context, and
to assess the peculiar characteristics of the stratospheric
phenomena which have preceded the extreme AOI, we made
a comparison with past SSW split events. The latter have
been isolated using the algorithm introduced by Charlton
and Polvani (2007), based on the recognition of separate
potential vorticity spots, after a previous identification of
a central date, corresponding to the reversal of the zonal
wind at 60°N and 10hPa. The SSW events with central
dates occurring during the first half of December and during
the last half of March have been discarded in order to
keep the analysis more coherent with respect to the present
case-study, since early and final-type SSWs are normally
associated with a relatively weak polar vortex. For the
analysis, we have used an extended dataset, extracted from
both ERA-40 (from 1958 to 1978) and ERA-Interim (from
1979 to 2009) reanalysis data, in order to include the most
recent years. A total of twelve splitting events from 1958 to
2009 have been identified and studied, taking into account
25 days before and after the central date. Table 1 shows a
list of the events, followed by the daily AOI time-averaged
over the relevant intervals of (—25, +25) and (0, +25) days
around and after the central date, respectively. We note that
the 2010 historical record is maintained even considering
averages over these time periods.

In Figure 6(a—c), a time-height section is reported of
the mean geopotential anomaly, the mean temperature
anomaly, and the mean daily AOI relating to the seven split
years from 1979 to 2009. They show a clear tendency for the
anomaly to be reproduced at lower and lower levels after

Q. J. R. Meteorol. Soc. (2012)
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are marked in bold. This figure is available in colour online at wileyonlinelibrary.com/journal/qj

Table 1. List of split events, with central date from 15 December to 14 March, extracted using the ERA-40 and ERA-Interim datasets. The third and
fourth columns show the average AOI over the interval (25, +25) and (0, +25) days referred to the central date, respectively.

No. Central date AO mean value (=25, +25) AO mean value (0, +25)
1 31 January 1958 —1.8100 -2.0036
2 23 February 1966 -1.0491 —0.4295
3 7 January 1968 —0.3255 —0.4452
4 18 January 1971 -0.6721 -0.5144
5 31 January 1973 +0.9500 +1.0085
6 22 February 1979 -0.7991 -0.5786
7 1 January 1985 —1.2541 -3.0009
8 21 February 1989 +2.6102 +1.8729
9 26 February 1999 —0.6361 -1.7013

10 4 January 2004 —0.8564 —1.7584

11 12 March 2005 —1.4012 -0.6956

12 24 January 2009 -0.1256 -0.8450

13 27 January 2010 -3.1780 -3.7251

the central date (with the geopotential anomaly eventually
arriving at the ground, and the temperature anomaly
confined above 500 hPa), and for the AOI to assume, after
the central date, weakly negative values, becoming even
more negative about 10 days later.

The peculiar character of the present case (Figure 2)
is then evident, exhibiting a separate and strong peak of
the anomaly 15 days after the central event just above the
troposphere. This fact is confirmed by a comparison with the
previous past events (not shown), including those covering
the whole ERA-40 period. The only event showing a similar
geopotential and temperature anomaly pattern is the 1985
one, though it presented a lower intensity and quite different
underlying dynamics.

Looking at Figure 6(d), showing the mean values of wave
components 1-3 of the geopotential field, it can be seen

Copyright (© 2012 Royal Meteorological Society

that a typical splitting phenomenon starts with a wave-1
dominating period, followed by a wave-2 overtaking before
the common decrease of both components; it appears that
wave-3 forcing never prevails, even from the analysis of each
past event separately.

From the latter circumstance, we can infer that one of
the most peculiar features of the 2010 event is the seemingly
unprecedented (in the observations) role of the wave-3
component which was, in the last stage of the phenomenon,
the dominating one, and was associated with a splitting of
the vorticity pattern into three separate patches.

5. Discussion

Regarding physical mechanisms guiding the observed return
signal from the stratosphere back to the troposphere, we note

Q. J. R. Meteorol. Soc. (2012)
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Figure 5. Vertical section of E-P flux (arrows), E-P convergence (bold lines with line shading denoting values) and of zonal wind (thin lines) for 21 and
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that the most significant SSW event was followed, in our case-
study, by a peak of baroclinic activity in the middle-latitude
troposphere. One convenient way to quantify its growth is
by using the Baroclinic Activity Index (BAL Benzi et al.,
1986; Hansen and Sutera, 1986; Vitolo et al., 2009), which
considers wave number components 6-8, and by using the
newly defined index BAI, for wave numbers 9-11. In fact,
it has been shown that amplitudes from wavenumber 5
and larger are fed by the normal conversion from available
potential energy to eddy kinetic energy (Blackmon, 1976;
Speranza, 1983). Consequently, this index can be considered
a good proxy for the baroclinic activity at the middle
latitudes.

As is clearly visible in Figure 7(a—c), BAI reached its
maximum on 25 January, while BAI, peaked soon after,
on 26 January, following the maximum of wavenumber-1
vertically integrated energy flux (Matsuno, 1970) averaged
over the latitudinal band 30°-85°N at 10hPa, which
occurred on 19 January. It should be stressed, as revealed by
a further Fourier decomposition of the 500 hPa geopotential
signal averaged over 30°-60°N (not shown), that all
wavenumbers within BAI and BAI, present these distinctive
peaks. Besides, with reference to the period considered, BAI

Copyright (© 2012 Royal Meteorological Society

and BAI, are observed to increase to about 10% of their
mean values after the occurrence of their relative peaks. We
suggest that this behaviour of the baroclinic activity is likely
to be connected with the downward energy flux from the
stratosphere to the troposphere, starting from 24 January.
This energy flux is observed to be displaced from polar
latitudes (north of 75°N) towards the middle latitudes at
the end of the month, following the zones of negative zonal
wind, as obtained from a direct calculation of the vertical
wave-1 energy flux as a function of pressure and latitude
(not shown). These latter observations, together with the
above-mentioned time delay of the geopotential amplitude
peaks associated with BAI and BAI,, are indicative of a
mechanism of energy transfer from the vertically trapped
Rossby waves to smaller baroclinic scales.

On the other hand, middle latitude geostrophic
turbulence is known to play a central role in the atmospheric
mass exchange across the latitudinal circle at 60°N and hence
canbe considered as a secondary modulating factor of the AO
(Tanaka and Tokinaga, 2002, and references therein). In this
respect it is interesting to note, from a direct cross-analysis
of the Tibaldi-Molteni blocking index (data available
at http://icdc.zmaw.de/blocking_index.html?&L=1) and the
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around the central date. This figure is available in colour online at wileyonlinelibrary.com/journal/qj

split events during the ERA-40 years, that blocking synoptic
configurations usually follow (and/or precede) SSW splitting
events. Since synoptic wave activity acts as a main driver
for the maintenance of these configurations, its observed
increase following SSWs could be responsible for the
geopotential anomaly persistence in the lower troposphere,
leading to a feasible amplification mechanism of the
tropospheric response.

6. Conclusions

In the present study we have pointed out some remarkable
facts connected with the occurrence of the February 2010
AOI extreme negative value:

(i) the precondition of a negative AOI at the beginning of
January, primarily associated with a minor SSW event
which occurred during December 2009;

(ii) the rapid succession of two polar vortex splits, where
the first one opened the way for the amplification
effect of the geopotential anomaly produced by the
second one;

Copyright (© 2012 Royal Meteorological Society

(iii) the role of the wavenumber-3 component of the
Rossby wave propagating into the stratosphere,
causing the breaking of the polar vortex into
three separate patches, clearly distinguishable in the
vorticity content;

the observed increase of the baroclinic activity
at middle latitudes, causing the enhancement of
meridional mass and energy exchanges.

(iv)

While each of these facts is in a sense unique with respect
to the observed past SSW events, due to the nonlinearity of
the dynamics, it is very hard to assess which one actually
led to the AOI extreme value. In our opinion, only the
combination of these factors, intimately connected with
each other, is able to explain the registered historical record.

In conclusion, we note that in a normally occurring SSW
event, no (orjustasingle) polar vortex breaking event occurs
(depending on whether the forcing is of wave-1 or wave-2
type). In the present case, an unusually rapid sequence of two
polar vortex breaking events, following a major SSW, took
place. After the wave-1 and the wave-2 forcing, determining
the first polar vortex split, a new wave-3 forcing appeared,
which caused a further splitting into three separate centres.

Q. J. R. Meteorol. Soc. (2012)
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Figure 7. Time series of Baroclinic Activity Index (m) calculated for (a) the wave components 6, 7, 8 (BAI), and (b) the wave components 9, 10, 11
(BAL). (c) shows the normalized wave-1 vertical energy flux, averaged over the latitudinal band 30-85°N at 10 hPa.

Finally, investigation of the possible physical mechanisms
underlying (i) the energy transfer from the stratosphere to
the troposphere, and (ii) the connection between anomalous
baroclinic activity and the AO response, will be the subject
of future work.
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