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[1] The preconditioning of major sudden stratospheric warmings (SSWs) is investigated
with two long time series using reanalysis (ERA-40) and model (MAECHAMS/MPI-OM)
data. Applying planetary wave analysis, we distinguish between wavenumber-1 and
wavenumber-2 major SSWs based on the wave activity of zonal wavenumbers 1 and 2
during the prewarming phase. For this analysis an objective criterion to identify and
classify the preconditioning of major SSWs is developed. Major SSWs are found to occur
with a frequency of six and seven events per decade in the reanalysis and in the model,
respectively, thus highlighting the ability of MAECHAMS/MPI-OM to simulate the
frequency of major SSWs realistically. However, from these events only one quarter are
wavenumber-2 major warmings, representing a low (~0.25) wavenumber-2 to
wavenumber-1 major SSW ratio. Composite analyses for both data sets reveal that the two
warming types have different dynamics; while wavenumber-1 major warmings are
preceded only by an enhanced activity of the zonal wavenumber-1, wavenumber-2 events
are either characterized by only the amplification of zonal wavenumber-2 or by both
zonal wavenumber-1 and zonal wavenumber-2, albeit at different time intervals. The role
of tropospheric blocking events influencing these two categories of major SSWs is
evaluated in the next step. Here, the composite analyses of both reanalysis and model
data reveal that blocking events in the Euro-Atlantic sector mostly lead to the development
of wavenumber-1 major warmings. The blocking—wavenumber-2 major warming
connection can only be statistical reliable analyzed with the model time series,
demonstrating that blocking events in the Pacific region mostly precede wavenumber-2

major SSWs.
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1. Introduction

[2] The vertical propagation of planetary waves from the
troposphere into the stratosphere and their interaction with the
zonal mean flow is recognized to be the essential dynamical
mechanism responsible for the development of SSWs
[Matsuno, 1971]. Only anomalously intense planetary waves
are able to propagate into the high-latitude stratosphere, in
contrast to steady waves of small or moderate intensity which
are refracted toward the low-latitude stratosphere [Matsuno,
1970]. These planetary-scale disturbances, which are almost
always present in the Northern Hemisphere (NH) winter, are a
consequence of the inhomogeneity of the Earth’s surface
[Reed, 1963]. Different types of SSWs exist. Labitzke [1977]
grouped these midwinter disturbances into three categories:
major, minor, and Canadian midwinter warmings. A fourth
type of warming, the final (major) warming, is then responsi-
ble for the reversal from the winter to the summer stratospheric
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circulation, which is characterized by easterly winds at the
polar cap. By the World Meteorological Organization (WMO)
definition [Andrews et al., 1987], a major midwinter SSW
occurs when the zonal mean zonal wind u at 60°N becomes
easterly and the temperature gradient between 60°N and 90°N
reverses at 10 hPa or below during midwinter. On the basis of
this WMO criterion, major and final SSWs are necessarily
identified by the wind reversal. While minor warmings are
observed in both hemispheres, major SSWs occur mainly in
the NH, with only one event observed in the Southern Hemi-
sphere 2002 since regular stratospheric observations began in
1957 [Kriiger et al., 2005; Naujokat and Roscoe, 2005].
Labitzke et al. [2002] investigated in detail the occurrence of
major SSWs between the 1957 and 2002 period, summarizing
45 years of monitoring the northern winter stratosphere,
including the previous WMO mandate to alert the strato-
spheric community by daily “Stratalerts” during NH winter.
Their goal was to forecast the occurrence of these events on the
basis of anomalous amplification of planetary waves (ampli-
tude and fluxes) of zonal wavenumber-1 or -2 in the lower to
middle stratosphere (50 to 10 hPa). Analyzing this pre-
conditioning, Labitzke [1977, 1981] found that an amplifica-
tion of the zonal wavenumber-1 component concurrently with
a minimum of the wavenumber-2 component is a character-
istic precondition before the onset of a major warming.
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However, some events may also develop through the ampli-
fication of the zonal wavenumber-2 component, as happened
in February 1963, January 1985, and February 1989 [e.g.,
Finger and Teweles, 1964; Naujokat and Labitzke, 1993]. On
the basis of this different wave behavior, the major SSWs were
classified as wavenumber-1 or wavenumber-2 warmings
depending on which zonal wavenumber was responsible for
the poleward eddy heat transport leading to the warming
[Naujokat et al., 2002; Kriiger et al., 2005]. The enhanced
planetary wave activity is the first step of the following wave-
mean flow interaction, which precedes the warming of the
stratosphere by typically a few weeks [Newman et al., 2001].

[3] In the prewarming phase, tropospheric blocking
events, which are large-scale ridges in the jet stream asso-
ciated with a strong high-pressure system at the surface,
involve strong, long-lasting, quasi-stationary distortion of
the tropospheric flow and are able to modulate the upward
propagation of planetary waves that induce a major SSW
[Labitzke, 1965; O’Neill and Taylor, 1978; Quiroz, 1986].
Naujokat et al. [2002] found westward propagating Normal
mode Rossby wave activity after the onset of Atlantic
blocking events, leading to wave-wave interactions, maxi-
mum heat flux and the breakup of the polar vortex in
December 1987 and December 2001. Depending on the
location of the tropospheric blocking events, different plan-
etary waves can play a role. Martius et al. [2009] and
Castanheira and Barriopedro [2010] showed that Euro-
Atlantic blocking events generally cause an amplification of
the zonal wavenumber-1, while Pacific blocking events are
associated with an amplification of the zonal wavenumber-2.
In addition, Garfinkel et al. [2010] reported that geopotential
height anomalies can enhance the wavenumber-1 or the
wavenumber-2 Eliassen-Palm flux, weakening the polar
vortex nearly immediately.

[4] In this study, we focus our analysis on the pre-
conditioning of major warmings in the NH stratosphere.
We develop an objective identification algorithm that
permits one to distinguish between wavenumber-1 and
wavenumber-2 major SSWs. This aim is in contrast to recent
papers which basically concentrated on the breakup phase of
the polar vortex, influencing the surface via the stratosphere-
troposphere downward coupling mechanism after major
SSWs [Charlton and Polvani, 2007; Charlton et al., 2007,
Butchart et al., 2010, 2011]. Although individual events
have been analyzed in detail [Labitzke, 1981; Mukougawa
and Hirooka, 2004; Kriiger et al., 2005; Manney et al.,
2008, 2009], a statistical analysis of the preconditioning of
major SSWs in reanalysis or in model data has, to the best of
our knowledge, not yet been carried out. Finally, the possi-
ble role of tropospheric blocking events influencing major
SSWs in the prewarming phase is examined. This is in
contrast to previous tropospheric blocking studies, which
either characterized major SSWs based on the postwarming
phase [Martius et al., 2009; Castanheira and Barriopedro,
2010; Woollings et al., 2010] or did not distinguish
between different types of SSW events [Taguchi, 2008]. The
paper is structured as follows. The data and methodology
used are described in section 2. In section 3, the statistical
analysis of the preconditioning of major SSWs connected
with tropospheric blocking events, using reanalysis and
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model data, is presented. General conclusions and implica-
tions for future work are drawn in section 4.

2. Data and Methodology

2.1. Data

[5] The analyses are based on two long time series using
daily data from the European Centre for Medium-Range
Weather Forecasts (ECMWF) Re-Analysis (ERA-40) and
the coupled atmosphere ocean model MAECHAMS/MPI-
OM for the October to May period.

[s] The ERA-40 reanalysis is interpolated onto a 2.5° x
2.5° regular horizontal grid with 60 model levels in the
vertical (L60), extending from the surface up to 0.1 hPa, and
6-h time interval. Data are available from 1 September 1957
to 31 August 2002, thus 45 NH winter seasons are analyzed.
More detailed information about the ERA-40 assimilation
can be found in the work of Uppala et al. [2005].

[7] The coupled atmosphere ocean general circulation
model MAECHAMS/MPI-OM was developed at the Max
Planck Institute (MPI) for Meteorology in Hamburg.
MAECHAMS is the middle atmosphere model configura-
tion of ECHAMS [Manzini et al., 2006; Roeckner et al.,
2006] with a vertical domain extending up to 0.01 hPa
(~80 km), thus including the full stratosphere and the lower
part of the mesosphere. The model is used at horizontal
resolution T63 corresponding to a Gaussian grid of ~1.9° x
1.9° and with 47 vertical layers (L47), of which nine are
between 110 hPa and 10 hPa and 12 between 10 and 0.01
hPa [Giorgetta et al., 2007]. The model includes gravity
wave parameterizations (GWP) and the related momentum
fluxes to represent the internal variability of the middle
atmosphere. The effects of subgrid-scale orography varia-
tions on the atmospheric flow are considered in the GWP
developed by Lott and Miller [1997] and Lott [1999], while
the Hines-GWP [Hines, 1997a, 1997b] takes into account
the simulation of nonorographic gravity waves. More details
about the GWP in MAECHAM models are described by
Manzini et al. [1997]. For the ocean-sea ice model MPI-OM,
a standard horizontal grid with grid spacing of 1.5° (GR15)
is used for the horizontal domain [Jungclaus et al., 2006],
while the vertical resolution has 40 levels (L40) with level
thickness increasing with depth. For the setup of the
uncoupled ocean model, two data sets are used: the German
Ocean Model Intercomparison Project (OMIP) climatology
and the NCEP/NCAR atmospheric forcing from the NCEP/
NCAR reanalysis. After the uncoupled spinup of the ocean
model, atmosphere and ocean are coupled by means of
the Ocean-Atmosphere-Sea Ice-Soil (OASIS) coupler. The
MAECHAMS/MPI-OM model does not require any flux
correction [Jungclaus et al., 2006]. More detailed informa-
tion regarding the MPI-OM can be found in the work of
Jungclaus et al. [2006] and Wetzel et al. [2010]. The use of a
coupled middle atmosphere model, in which the atmosphere-
ocean interactions are interactively taken into account,
should lead to an improved representation of the stratospheric
winter circulation, in particular in the simulation and in the
frequency of major SSWs, which are influenced by the land-
sea contrast and, e.g., by the El Nifio-Southern Oscillation
(ENSO) phenomenon [Manzini et al., 2006].
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Table 1. Major SSWs Identified in the ERA-40 Data Set®

Number Central Date Type
1 31 January 1958 /4
2 15 January 1960 W
3 28 January 1963 /23
4 1 April 1965 W,
5 16 December 1965 W,
6 23 February 1966 Wy
7 7 January 1968 W,
8 28 November 1968 Wy
9 13 March 1969 /4
10 1 January 1970 /4]
11 18 January 1971 W,
12 19 March 1971 W,
13 31 January 1973 /4]
14 9 January 1977 Wi
15 22 February 1979 /23
16 29 February 1980 /4
17 4 March 1981 W
18 4 December 1981 /4]
19 1 January 1985 W,
20 23 January 1987 /48
21 7 December 1987 /4]
22 15 December 1998 Wy
23 26 February 1999 /4
24 20 March 2000 4}
25 11 February 2001 /8
26 30 December 2001 W
27 17 February 2002 /4

“Reported is the central date of the major warmings and their classification
as obtained with our algorithm. The types W, and W, indicate major SSWs
of wavenumber-1 and wavenumber-2, respectively.

[8] For this study, a 160-year control simulation has been
performed. The atmospheric model was initialized with
constant pre-industrial greenhouse gas concentrations from
1860 and an ozone climatology for pre-1980 levels [Fortuin
and Kelder, 1998]. The ocean model was set up with a con-
trol experiment of CMIP3 (Coupled Model Intercomparison
Project 3). Note that this version of the MAECHAMS/
MPI-OM model does not have an internal generated quasi-
biennial oscillation nor a solar cycle is included in this
control run. Owing to the spinup period of the coupled
model, the last 100 years of the simulation are analyzed.

2.2. The Major SSW Criterion

[9] An objective criterion to identify and characterize the
preconditioning of major SSWs is developed. The algorithm
first identifies the major SSWs then classifies them depend-
ing on their planetary wave activity during the prewarming
phase.

2.2.1. Identifying Major SSW Events

[10] A major warming is identified by the reversal of u at
10 hPa and 60°N, with the first day of easterlies defined as
the central date of the warming. As after the onset of the
warming u# may fluctuate between weak easterlies and west-
erlies, to prevent counting the same event twice, Charlton
and Polvani [2007] introduced a 20 day mask starting from
the central date within which no other major SSW is counted.
In our algorithm, this 20 day interval, which approximately
equals two radiative timescales at 10 hPa (i.e., the time nec-
essary for the restoring of the polar vortex) [Newman and
Rosenfield, 1997], starts instead from the first day of west-
erly winds after the central date. Additionally, if the first day
after this 20 day mask has easterly wind, the algorithm
searches for the next day with westerly wind exceeding 5 m/s
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and starts from that day to search for other major SSWs.
These additional constraints are introduced because occa-
sionally the wind fluctuates around the zero value during the
recovery of the vortex, thus it should avoid counting mere
wind oscillations as major SSWs. In order to avoid the
overestimation of spring major SSWs, we also modified the
final warming detection criterion of Charlton and Polvani
[2007]. To distinguish major SSWs from final warmings
the algorithm considers the number of consecutive days of
westerlies and the wind intensity after major warming events.
Cases after which u# becomes westerly for at least 10 con-
secutive days, but during which the wind does not reach,
at least for 1 day, the intensity of 5 m/s, are assumed to be
final warmings, and as such are discarded.

[11] Different to the WMO definition, which considers only
major midwinter SSWs between November and February, our
criterion detects major SSWs during the whole stratospheric
winter circulation season between October and May. This
permits us to address a more persistent stratospheric winter
circulation either because of (1) a delay of the polar vortex
breakup in spring observed since the 1980s due to ozone and
CO, changes [e.g., Langematz et al., 2003] or (2) the common
cold pole bias problem in middle atmospheric models
[Pawson et al., 2000]. Table 1 lists all major SSWs identified
with the new algorithm in the ERA-40 data set.

2.2.2. Classifying Major SSW Events

[12] Once a major SSW is identified, the algorithm
classifies it as a preconditioned wavenumber-1 (W) or
wavenumber-2 (,) warming. This involves the analysis of
planetary waves; therefore zonal Fourier-analyzed geopo-
tential height fields Z,, of wavenumbers n = 1-3 as well as
the wave components of the heat fluxes Vv'T;, are calculated
as described by Pawson and Kubitz [1996]. To distinguish
the preconditioning of the major SSWs, it is necessary to
define a time interval in which the enhanced wave ampli-
tudes Z, and the relative heat flux components v'7}, should
be detected. Therefore a 10-day window period is consid-
ered around day D, that is, within 14 days preceding the
central date, the day for which the difference of % at 10 hPa
and 60°N between that day and 5 days later is strongest. This
length of the time interval is chosen because it roughly
corresponds to the time for planetary wave to propagate
from the troposphere to the stratosphere [see Limpasuvan
et al., 2004, Figure 5]. To characterize a major SSW, the
algorithm checks for each of the days falling in the time
period D—7 to D + 3, which of the following conditions are
satisfied.

1) W, major SSW:

-Zy > 7, (10 hPa, 60°N)
2) W, major SSW:

-VZ=7Z, —Z,>100 m (50 hPa, 60°N)

-WT' =v'T5 —v'T{ > 15 K m/s (100 hPa, 60°N)
3) W3 major SSW:

-Z3>Zy and Z3 > Z, (50 hPa, 60°N)

-VT5 > VT and v'T3 > v'T; (100 hPa, 60°N)
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Figure 1. Time series of the ERA-40 zonal mean zonal wind z (m/s), the amplitude (m) and the heat
flux (K m/s) of Z,, at 60°N for the indicated pressure levels, from 1 November to 31 March for
(a) wavenumber-1 NH winter 1998/99 and (b) wavenumber-2 NH winter 1962/63. The vertical black line
indicates the central date of the warming, while the green lines delimit the 10-day window period around
the day D (star), in which the identification criterion is applied.

If only the first condition is met, the warming event is
classified as W} major SSW. If instead the second condition
is satisfied at least for 1 day, the warming is classified as
W, major SSW. The third condition is introduced in order
to determine whether the zonal wavenumber-3 may lead to
the development of a major SSW. For #; major SSWs, the
10 hPa level is chosen because the observed climatological
maximum Z; is located in the middle to upper stratosphere;
whereas for W, major SSWs, the 50 hPa level is taken as Z,
maximizes in the lower to middle stratosphere (not shown
here) [Scaife et al., 2000]. The heat flux is analyzed at
100 hPa representative for the planetary wave activity
entering the lowermost stratosphere [Pawson and Kubitz,
1996; Newman et al., 2001]. The threshold values for W,

major SSWs of 100 m and 15 K m/s arise from the maxi-
mum daily anomalies calculated from the climatology and
the major warming composites (not shown here and
Figure 3). Even by increasing the threshold values up to
20 percent, does not change the total number of detected
W, and W, major SSWs.

[13] Case studies of W and W, major warmings are given
in Figure 1, showing time series of #at 10 hPa, of Z, , at
10 or 50 hPa, and of v'T] , at 100 hPa (all at 60°N) for the
winters 1998/99 and 1962/63. Owing to the large-amplitude
increase of Z,/Z, and of the relative heat flux components of
V'TIV'T5 in the 2 to 3 weeks preceding the warming onset,
the two major SSWs of the winter 1998/99 are classified as
W, warmings while the major warming of 28 January 1963
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Figure 2. Distribution of major SSWs for ERA-40 and
MAECHAMS/MPI-OM data. The blue part of the bars
denotes the fraction of zonal W; warmings while the red part
indicates the zonal W, warmings.

is classified as a W, event (see also Table 1). The different
wave characteristic of these major SSWs was also reported
by Finger and Teweles [1964], Manney et al. [1999], and
Naujokat et al. [2002].

2.3. Blocking Index

[14] To identify the occurrence of NH circulation blocking
events in the middle and high latitudes, we used the blocking
index of Tibaldi and Molteni [1990], which is based on the
criteria proposed by Lejends and Okland [1983] and Rex
[1950]. For each longitude of the data grid, the 500 hPa
geopotential height gradients GHGS and GHGN (referring to
middle and high latitudes, respectively) are computed daily:

Z(¢o) _Z(¢s) 7Z(¢n) _Z(¢())
(¢o - ¢s) ' GHGN = ((bn - ¢o) ’

where ¢, = 80°N + A, ¢, = 60°N + A, ¢, = 40°N + A,
and A = —2.5° 0°, 2.5° both for ERA-40 and MAEC-
HAMS5/MPI-OM data. A longitude is then defined as being
blocked on a specific day when the following conditions are
satisfied for at least one value of A:

1) GHGS > 0,

2) GHGN < —10 m/deg lat.
The blocking indices therefore indicate whether the zonal
flow of a given longitude is blocked or not. To represent the

GHGS =
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intensity of blocking events the gradient GHGS, which is
essentially proportional to the strength of the geostrophic
casterlies, is used. Further space and time constraints are
imposed to consider blocking events of sufficient duration;
the local blocklike flow pattern must exists over three or
more adjacent longitudes and last for 5 or more days. To
locate the longitude of the strongest blocking, the maximum
GHGS is applied, calculated for geopotential height differ-
ences between northern and southern midlatitudes.

3. Results

[15] In this section the analyses of major SSWs and tro-
pospheric blocking events are presented. The major SSW
climatologies obtained with our criterion for ERA-40 and
MAECHAMS5/MPI-OM data are shown first. W, and W,
major warming composites are calculated for the wave
amplitudes and the heat fluxes. The frequency distribution of
tropospheric blocking events is then analyzed. Finally, the
connection between major SSWs and blocking events is
examined using composites of blocking activity prior to and
after the warmings onset.

3.1. Major SSWs Analysis

[16] Figure 2 shows the seasonal distributions of major
SSWs for ERA-40 and MAECHAMS/MPI-OM data.
Canadian warmings, which can be occasionally associated
with the reversal of u [Labitzke, 1977], are included in the
distributions if they fulfill the criterion described above
(section 2.2). The relative frequency of major SSWs is
obtained by dividing the total number of events per month
by the total number of observed years. The whole bar in
Figure 2 is relative to all counted events during 1 month
while the blue and the red parts represent the fraction (per-
centage) of /¥, and W, major warmings.

[17] In the reanalysis, major warmings occur between
November and April with most events happening during
January, when the maximum occurrence frequency of 0.22 is
found. On average the number of major SSWs per year is 0.6
which corresponds to six events per decade. Of the events
occurring in February—March, half are due to a second major
SSW (not shown), suggesting a 50 percent chance of a sec-
ond warming event to occur in late boreal winter.

[18] In the MAECHAMS/MPI-OM model, major SSWs
are detected between October and April with most events
simulated in December, January, and February. The highest
monthly occurrence frequency is found during February
(value of 0.21), while 0.7 events per year or seven events per
decade are detected on average. Also, in 9 years of the model
simulation, second major warming events are detected dur-
ing February, March, and April (not shown).

[19] The comparison of the two distributions shows that
the major warming occurrence is higher in the model. This
may be a consequence of the ENSO phenomenon, whose
frequency is higher in MAECHAMS/MPI-OM (period of
4 years) than in the reanalysis (period of 4-6 years)
[Jungclaus et al., 2006]. The development of major SSWs is
in fact facilitated by warm ENSO events, during which
enhanced planetary wave disturbances lead to a general
weakening of the polar vortex [Manzini et al., 2006]. How-
ever, the frequency of observed major warmings can be
higher as well. An increase of events was in fact observed
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Table 2. Summary Statistics for ERA-40 and MAECHAMS/MPI-OM Data®

Data Total mSSWs W, mSSWs W, mSSWs mSSWs/Winter Ratio W,/W,
ERA-40 27 21 6 0.60 0.29
MAECHAMS5/MPI-OM 70 57 13 0.70 0.23

“The abbreviation mSSWs stands for major SSWs.

between 1998/99 and 2008/09 when 11 major SSWs were
detected within 11 years [Manney et al., 2005, 2008, 2009;
Labitzke et al., 2002]. The main difference between the
two distributions is the seasonality of major SSWs: while
in ERA-40 most events are identified in January, in
MAECHAMS/MPI-OM they occur in February. This ten-
dency of more late winter major SSWs is due to the win-
tertime extratropical stratospheric circulation of the model,
which is characterized by different strength and location of
the polar night jet compared to the reanalysis. Another
notable difference of MAECHAMS/MPI-OM is the occur-
rence of one event at the end of October and the larger
number of December major warmings. In contrast to previ-
ous MAECHAMS simulations [Charlton et al., 2007], this
illustrates an improvement of the seasonal distribution of
major SSWs in MAECHAMS5/MPI-OM, especially by
removing the high bias of early major warming during
November and by increasing the number of midwinter events.

[20] From the major SSW distribution, the different
amount of W, and W, warmings is also noticeable. Of the
27 major SSWs detected in ERA-40, 21 are identified as
W, major warmings while only 6 are W, events (Table 1).
This gives a W,/W; major SSW ratio of 0.29. Figure 2 shows,
for ERA-40 data, that most /¥, events take place in January
(frequency of 0.09), but some events occur also in February
and April. The January cases are those of 1963, 1968, 1971,
and 1985, the February event is that of 1979, while the April
W, major warming occurred in 1965 (Table 1). Note that our
objective algorithm identifies therefore more #, cases com-
pared to the so far reported W, major SSWs of January 1963,
January 1985, and February 1989 [Naujokat and Labitzke,
1993; Kriiger et al., 2005], which were identified based on
a subjective inspection. The event of February 1989 was
classified as a final major warming [Labitzke et al., 2002],
which is not counted as a major SSW in our algorithm as
well.

[21] In MAECHAMS/MPI-OM data, a total of 70 major
SSWs is detected. The number of W, and W, events is 57 and
13, respectively, with a W,/W; major SSW ratio of 0.23. The
seasonal distribution demonstrates that for MAECHAMS/
MPI-OM, the W, events occur in January, February, and
March, with the latter having the highest occurrence fre-
quency (value of 0.06). Interestingly, more than half of the
major SSWs occurring in March are W, events. The similar
W,/W; major SSW ratios of the two data sets highlight
the ability of the model to simulate /#, major warmings,
although the maximum frequencies occur later. Note that
no wavenumber-3 major warming was found in either
data set, although three major SSWs characterized by an
additionally enhanced wave amplitude of Z; were detected
in MAECHAMS/MPI-OM (not shown). Table 2 summarizes
briefly our results.

[22] The comparison of the ERA-40 major SSWs clima-
tology with the one of Charlton and Polvani [2007] reveals

that our algorithm leads to a small reduction of the observed
number of detected events. While Charlton and Polvani
[2007] identified 29 events, our algorithm finds only 27
major warmings. This is due to the fact that with our crite-
rion fewer late winter major SSWs are detected: the events
of February 1984, March 1988, and February 1989, classi-
fied as major SSWs by Charlton and Polvani [2007], are in
fact identified as final major warmings, which is in good
agreement with the long time monitoring by Labitzke et al.
[2002]. As we detect one major warming in April 1965
(Table 1), we determine in total two events less compared
to Charlton and Polvani [2007].

[23] Charlton and Polvani [2007] investigated the post-
warming phase of major SSWs, distinguishing between
vortex displacement and vortex splitting events according to
whether the major warming leads to a shift of the polar
vortex off the pole or to a breakup into two pieces. From this
analysis the authors derived a vortex splitting/vortex dis-
placement ratio of 0.93, which is significantly different from
our W,/W, major SSWs preconditioning ratio of 0.29.
Comparing the same detected major warming events of our
Table 1 with Table 1 of Chariton and Polvani [2007], we
find that all identified W, major SSWs during the pre-
conditioning lead to vortex split events in the postphase of
major warmings and that all reported displacement events
are preceded by #; major SSWs. However, there are 7 from
the 21 W, major SSW cases that lead to split events. This
allows us conclude that #; major SSWs do not necessarily
result in vortex displacement events. Subcomposites for W
major SSWs reveal that the seven “W;-splitting events” are
characterized by an enhanced positive anomaly of V'T%
during the 10 days preceding the warming, in contrast to
the 14 “W,-displacement events” characterized by a weaker
anomaly of Vv'T; and a more persistent anomaly of V'T}]
within the 20 days preceding the major warming (not shown
here).

[24] The different planetary wave behavior for the two
warming types is highlighted in Figure 3 which shows, for
W, and W, major SSWs, composites of daily anomalies of
the amplitude of Z; , at 50 hPa and of the heat fluxes v'T1 ,
at 100 hPa, both at 60°N for the period —30 to +30 days
of the central date. The statistical significance of the com-
posites is obtained with a t-test, comparing the years with
W1/W, major warmings with the years without any. The
t-test shows when the anomalies are significantly different
from zero at the 95% level.

[25] W, major warmings are preceded by an anomalous
amplitude increase of Z; within 20 days before the central
date with an amplitude anomaly of more than 100 m close to
the warmings onset in both data sets. In the postwarming
phase the anomaly reduces until significant negative
anomalies occur between day +15 and +30. In contrast,
Z, has for most of the time interval negative anomalies,
which becomes partly significant in the postwarming phase.
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Figure 3. Composites of daily anomalies of the amplitude (m) at 50 hPa and the heat flux (K m/s) at
100 hPa of Z;, through 60°N for (left) W, and (right) W, major SSWs of ERA-40 (solid lines) and
MAECHAMS/MPI-OM data (dashed lines). NV indicates the number of events used for the composites,
while day zero refers to the central date of the warmings. Thick line segments indicate anomalies sig-
nificantly different from zero at the 95% confidence level (t-test).

The heat flux composites highlight the development of W,
major SSWs. The positive anomaly of v'77{ in the 3 weeks
preceding the warmings onset denotes indeed the major role
of W, activity entering the lower stratosphere. The anomaly
maxima of 19 and 16 K m/s for ERA-40 and MAECHAMS/
MPI-OM, respectively, are reached within 5 days prior to the
central date. Following the major SSWs there are significant
negative heat flux anomalies, indicating suppressed vertical
fluxes of Z; and Z,. During the whole 60 days the role of
zonal wavenumber-2 is negligible.

[26] The W, major warming composites present different
characteristics: the main feature is the significant positive
amplitude anomaly of Z, during the 10 days preceding the
central date (values above 150 m larger than normal). An
anomalous amplitude increase of Z, is already found in the
period 30 to 10 days before the warmings onset, although
not significant. Following the major warmings, a significant
weakening for both zonal wavenumbers is found. The
overall development is similar to the finding of Labitzke
[1981] who pointed out that an amplification of Z; is
needed to force a preceding vortex deceleration. This per-
mits Z, to grow and to propagate more effectively into the

vortex, causing a further deceleration until the breakdown of
the vortex is achieved. The involvement of Z; in W, events
was also noted by Dunkerton et al. [1981] who found for a
simulated #, major warming that a preconditioning of the
mean flow by the Z; activity is likely to be required for the
following development of Z,. Of the six detected #, major
warmings for ERA-40, four of them have this type of pre-
conditioning (April 1965, January 1968, January 1971, and
February 1979, Table 1), while those of January 1963
(Figure 1) and January 1985 are characterized only by the
amplification of Z, (not shown here). Our results therefore
confirm that Z; can play a role in the preconditioning of W,
major SSWs, as 2/3 of the observed events have demon-
strated. The overall comparison between ERA-40 and
MAECHAMS/MPI-OM composites shows that the reanal-
ysis have stronger Z, anomalies, which is a consequence of
the smaller sampling size of observed versus simulated W,
major SSWs (6 versus 13 cases). Furthermore, in contrast to
W, major warmings, the wave activity after the W, warm-
ings onset weakens more quickly. The heat flux composites
for W, major warmings are characterized by a double
and single peak of v'T', for ERA-40 and MAECHAMS/
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Figure 4. Frequency of ONDJFMAM blocked days as
function of longitude for ERA-40 (solid lines) and MAEC-
HAMS/MPI-OM data (dashed lines). Blue lines show the
percentage of days characterized by a blocked zonal flow,
and red lines are indicative of the percentage of days char-
acterized by a strongly blocked zonal flow. The arrows
indicate the Euro-Atlantic (60°W—45°E) and the Pacific
(135°E—120°W) sectors. Note that the values of strongly
blocked zonal flow (red lines) are multiplied by a factor of
three for a better graphical display.

MPI-OM, respectively, which starts 15 and 10 days prior to
the central date. The anomaly maxima are almost identical:
35 and 34 K m/s for the reanalysis and the model, respec-
tively. Note that only for the ERA-40 composite a significant
positive anomaly of v'T"; (values up to 11 K m/s) precedes 23
days the large anomaly of v'T",. As for W, major warmings,
the heat fluxes display negative anomalies in the postwarm-
ing phase. The W, seems to only play a role in the —30 to
—15 days preceding the central date, from —15 days onward
a significant weakening of W, (negative anomalies) is
evident.

[27] These W, and W, major warming composites high-
light the role of planetary wave activity in preconditioning
major SSWs. W; major warmings develop with an
enhancement of Z; only, while W, major warmings are
generally preceded either by the amplification of Z, or by
both Z; and Z, albeit at different time intervals. This char-
acteristic wave evolution of the two types of major warming
is in qualitative good agreement with the typical wave
activity determined by Charlton and Polvani [2007],
Martius et al. [2009], and Castanheira and Barriopedro
[2010], who analyzed vortex splitting and displacement
events. Their results show in fact that displacement events
are preceded by an anomalous increased activity of Z;, while
splitting events require also an amplification of Z,.

3.2. Tropospheric Blocking Analysis

[28] The overall distribution of blocking events is shown
in Figure 4, where the frequency of blocked days (i.e., days
with a blocked zonal flow) is displayed for each longitude
for the October to May period. To demonstrate changes in
the blocking intensity, the distribution is illustrated for days
characterized by blocked (blue lines) and by strongly
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blocked zonal flow (red lines), with the latter referring to
strong blocking events defined by the spatial and temporal
constraints and GHGS greater than 10 m/deg lat. If one
longitude has a frequency value of 0.1, it means that between
October and May (243 days) 24.3 days with a blocked zonal
flow occurred within that longitude.

[29] For ERA-40 data, two frequency maxima of 0.13
and 0.05 are detected in the Euro-Atlantic (60°W—45°E)
and in the Pacific (135°E—120°W) region, respectively. In
MAECHAMS5/MPI-OM data, the maxima are shifted east-
ward by about 30° and have different strengths, with the
Euro-Atlantic maximum being weaker than in the reanalysis
(frequency of 0.11) and the Pacific one being stronger
(values of 0.06). Overall these blocking occurrences are in
good agreement with previous studies [7ibaldi and Molteni,
1990; Taguchi, 2008]. However, Schalge et al. [2011]
reported that the Tibaldi and Molteni blocking index may
be altered by the detection of cutoff lows.

[30] The distributions of strongly blocked days (red lines)
have different characteristics between the two data sets.
While in ERA-40 the more pronounced peak is found in
the Euro-Atlantic region, in MAECHAMS/MPI-OM it is
detected in the Pacific region. The model reproduces in fact
the number of days with strongly blocked zonal flow in the
Euro-Atlantic region (although shifted eastward by about
30°), while it overestimates them in the Pacific region. This
may be related to the fact that the model simulates higher
500 hPa geopotential height values over the North Pacific
area. Inspecting the standard deviation of the 500 hPa geo-
potential height fields (not shown) reveals that the model
simulates the winter variability in the North Pacific well but
not in the North Atlantic, probably resulting in less tropo-
spheric blocking events in the Euro-Atlantic region.

[31] The higher frequency of strong blocking events in
the Pacific region can also be seen in Figure 5, where the
seasonal distribution of strongly blocked days is shown.
The whole bar represents the sum of strongly blocked days
in the Euro-Atlantic (blue) and the Pacific sector (red). In
both data sets most strong blocking events occur during
winter, however, while in ERA-40 the highest number of
strongly blocked days is detected in January (value of 2.53)
mainly caused by the peak in Euro-Atlantic events, in
MAECHAMS/MPI-OM the distribution peaks in February
(value of 2.81) mostly because of the high Pacific block-
ing activity. The model distribution reveals therefore a shift
toward late winter. This temporal shift of strong tropospheric
blocking events is also reflected by the different seasonal
evolution of the 500 hPa geopotential height fields at mid-
latitudes: while in ERA-40 the highest variability occurs in
January, in MAECHAMS/MPI-OM it is found in February
(not shown). Noteworthy are also the increased number
of simulated strongly blocked days in October, November,
March, and May, compared to the reanalysis. ERA-40 shows
more days with a strongly blocked zonal flow in the Euro-
Atlantic region, whereas MAECHAMS/MPI-OM simulates
more in the Pacific region. Overall the seasonal evolution
of strong tropospheric blocking events is similar to those of
the major SSWs (Figure 2) for which the highest frequencies
are found in January and February for the reanalysis and the
model respectively.

[32] In the following, the role of tropospheric blocking
events preceding major SSWs is analyzed. Figure 6 shows
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Figure 5. Distribution of strongly blocked days for ERA-
40 and MAECHAMS/MPI-OM data. The blue part of the
bars denotes the blocked days relative to the Euro-Atlantic

sector, while the red part indicates those of the Pacific sector.

W, and W, major SSWs composites for the daily maximum
of GHGS in the Euro-Atlantic and the Pacific regions. The
statistical significance of the composites is obtained by
comparing the time series of the maximum GHGS of single
major SSWs with respect to the climatological state, which
refers to years without any major SSW. This climatological
state is obtained by choosing randomly years without major
SSWs.

[33] For ERA-40 W; major warmings, a significant
increase of the maximum of GHGS (values up to 4.0 m/deg
lat) is found for the Euro-Atlantic region in the prewarming
phase, while a rapid decrease occurs in the following week
after warming onset. For the Pacific region, the maximum
GHGS is weak before the central date but maximizes 5 days
after the warmings onset (2.4 m/deg lat), when the minimum
in the Euro-Atlantic region is detected. A similar behavior is
found for MAECHAMS/MPI-OM, although the prewarm-
ing peak in the Euro-Atlantic region is weaker (value of
2.4 m/deg lat) and the postwarming peak in the Pacific
region is higher (value of 3.6 m/deg lat), postponed and
prolonged by a couple of days. This pronounced Pacific
peak arises probably from the stronger and more frequent
blocking activity simulated by the model in the Pacific
region as shown before in Figures 4 and 5. Thus the model
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simulates a significant connection between Euro-Atlantic
blocking events preceding and Pacific blocking events fol-
lowing W7 major warmings.

[34] Given the low number of observed events, the W,
major warming composites for ERA-40 should be inter-
preted cautiously. Therefore we only want to point out the
relatively high maximum GHGS for both Euro-Atlantic and
Pacific regions prior to the 7, warmings onset, followed by
highest blocking intensity over the Pacific sector in the
postwarming phase. Again the high maximum GHGS values
in these composites are due to the few observed events
considered. With the MAECHAMS/MPI-OM model we are
now able to analyze the /#, major warming—blocking rela-
tion into more detail given the fact that (1) the model is able
to simulate the physical mechanism of W, major warmings
and (2) we have 13 simulated events to be considered.

[35] For the simulated #, major SSWs significant maxi-
mum GHGS values are analyzed for both regions in the
20 days preceding the central date but with stronger blocking
activity in the Pacific sector (values above 4.0 m/deg lat).
For both regions, maximum blocking intensity begins to
weaken already a couple of days before the central date until
it increases again in the postwarming phase around day 5. In
the following, postwarming days alternating stronger
blocking activities are found in the Pacific and in the Euro-
Atlantic sectors.

[36] From ERA-40 and the model analyses we can con-
clude that W, major SSWs can be preceded by blocking
activity in the Euro-Atlantic region within 15 days prior to
the warming onset. The postwarming phase shows instead a
reduction of the blocking activity in the Euro-Atlantic region
accompanied by an increase of the activity in the Pacific
region. This evolution of the Euro-Atlantic blocking activity
is similar to that obtained by Woollings et al. [2010], who
noted a strengthening of European blocking events prior to
major SSWs of displacement type, followed by a reduction
of the European blocking activity after the warming event. It
is also consistent with the studies of Martius et al. [2009]
and Castanheira and Barriopedro [2010] who pointed out
that vortex displacement events are mainly preceded by
Euro-Atlantic blocking events.

[37] The W, major SSWs composites for MAECHAMS/
MPI-OM reveals that in the prewarming phase the strong
blocking activity in the Pacific sector can be accompanied
by activity in the Euro-Atlantic region. This model finding
may be biased by the higher than observed Pacific blocking
activity simulated by MAECHAMS/MPI-OM. However,
Martius et al. [2009] and Castanheira and Barriopedro
[2010] also found a significant increase of Pacific blocking
activity in the prewarming phase of major SSWs, analyzing
vortex splitting events. The increased blocking activity of
the postwarming phase in both regions was instead under-
lined by Woollings et al. [2010] investigating vortex split-
ting events as well.

[38] Our analysis of the blocking activity prior to W,/W,
major SSWs is therefore in good agreement with the vortex
displacement/split studies by Martius et al. [2009], Castanheira
and Barriopedro [2010], and Woollings et al. [2010]. In
contrast to Taguchi [2008] we find significant connections of
tropospheric blocking events preceding major SSWs by
analyzing different types of major warmings specifying the
planetary wave evolvement in the development phase.
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Figure 6. Composites of the daily maximum of the 500 hPa GHGS (for A = —2.5°) in the Euro-Atlantic
(blue line) and Pacific sectors (red line) for (left) W, and (right) W, major SSWs of (top) ERA-40 and
(bottom) MAECHAMS/MPI-OM data. N indicates the number of events used for the composites, while
day zero refers to the central date of the warmings. Thick line segments indicate that the values are sig-

nificant at the 95% confidence level (t-test).

However, we would like to stress that as shown by Taguchi
[2008], not all major SSWs are necessarily preceded by tro-
pospheric blocking activity.

4. Conclusion

[39] In this study the winter variability of the NH strato-
spheric polar vortex in ERA-40 and MAECHAMS/MPI-OM
data is analyzed in detail. An objective algorithm for the iden-
tification and classification of major SSWs, considering the
development phase, is developed. All detected events are used
to compute a major SSW climatology. Different frequencies of
major warmings are found for the two data sets: while for ERA-
40 the number of events per year is 0.6, for MAECHAMS/
MPI-OM it is 0.7. The model tends therefore to simulate a
higher number of major SSWs, which is in good agreement
with the observed increase of major SSW frequency since the
late 1990s. The seasonal distribution of the major warmings
reveal occurrences between November and April in the
reanalysis and between October and April in the model. The
main difference between the two distributions is the shift of
the warming occurrence peak: while in ERA-40 most events

are identified in January, in MAECHAMS/MPI-OM they
occur in February. The coupled middle atmosphere model
better simulates the major SSW frequency compared to the
previous MAECHAMS version in which the model does not
have an interactive ocean. The number of major warmings
in MAECHAMS5/MPI-OM is in fact strongly reduced in
November and increased in midwinter, thus leading to an
improved frequency distribution closer to the reanalysis. The
detected major SSWs are distinguished between W, and W,
events, according to the planetary wave activity during the
prewarming phase. For the two data sets a similar W,/W;
major SSW ratio is found: 0.29 for ERA-40 and 0.23 for
MAECHAMS/MPI-OM. The seasonal distribution of W,
major warmings reveal that most events occur in January for
the reanalysis and in March for the model. The different
planetary wave behavior for W, and W, major warmings
is confirmed by significant differences in the composite
analyses for both data sets. While W, events are preceded
by an intense activity of Z;, W, major SSWs are preceded
either by an intense activity of Z, alone or by an intense
activity of Z;, which is followed by a strong intensification
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of Z,. These results highlight the ability of the model to
simulate the different #; and W, major SSWs.

[40] The role of tropospheric blocking events influencing
the development of major SSWs is examined in a second
step. As expected, the observed frequency climatology of
blocking events reveals the maximum for the Euro-Atlantic
region and a secondary maximum for the Pacific region. In
contrast to ERA-40, the model underestimates the frequency
of Euro-Atlantic blocking events and overestimates the fre-
quency of Pacific blocking events. Analyzing strong block-
ing events, ERA-40 shows an almost equal frequency ratio
between strong Euro-Atlantic and strong Pacific events,
while a dominance of strong Pacific events is found in
MAECHAMS/MPI-OM. The seasonal distribution of tro-
pospheric blocking events displays that most strong events
are detected in January for the reanalysis and in February
for the model. Examining the W,/W, major SSW composites
reveal a significant connection to tropospheric blocking
events occurring in the prewarming phase. For W, major
SSWs we find for both reanalysis and model, that these
events are mainly preceded by Euro-Atlantic blocking
events. W, major warmings are instead mainly preceded by
Pacific blocking events in the model, although a weaker
blocking activity is also found in the Euro-Atlantic region
within 10 days prior to the warmings onset. Overall the
major SSW composites show that Euro-Atlantic and Pacific
blocking events can be responsible for the amplification of
Z, and Z,, respectively, developing into W, and W, major
warmings in good agreement with previous studies.

[41] On the basis of the favorable comparison of our major
SSW analysis with previous observational studies, we
believe that our algorithm can be a very good model diag-
nostic for analyzing the physical processes responsible for
the development of major warmings. It can be used to
investigate the preconditioning of major SSWs in coupled
chemistry-climate models and in the new generation of high-
top CMIP models. This enables us to better quantify the
ability of the models to simulate major SSWs and hence the
stratospheric winter variability in past and future climate
simulations.
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