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Associations between stratospheric variability
and tropospheric blocking
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[11 There is widely believed to be a link between stratospheric flow variability and
stationary, persistent “blocking” weather systems, but the precise nature of this link has
proved elusive. Using data from the ERA-40 Reanalysis and an atmospheric general
circulation model (GCM) with a well-resolved stratosphere (HadGAM), it is shown that
there are in fact several different highly significant associations, with blocking in different
regions being related to different patterns of stratospheric variability. This is true in
both hemispheres and in both data sets. The associations in HadGAM are shown to be very
similar to those in ERA-40, although the model has a tendency to underestimate both
European blocking and the wave number 2 stratospheric variability to which this is related.

Although the focus is on stratospheric variability in general, several of the blocking
links are seen to occur in association with the major stratospheric sudden warmings. In
general, the direction of influence appears to be upward, as blocking anomalies are shown
to modify the planetary stationary waves, leading to an upward propagation of wave
activity into the stratosphere. However, significant correlations are also apparent with
the zonal mean flow in the stratosphere leading the occurrence of blocking at high
latitudes. Finally, the underestimation of blocking is an enduring problem in GCMs,
and an example has recently been given in which improving the resolution of the
stratosphere improved the representation of blocking. Here, however, another example is
given, in which increasing the stratospheric resolution unfortunately does not lead to an

improvement in blocking.

Citation: Woollings, T., A. Charlton-Perez, S. Ineson, A. G. Marshall, and G. Masato (2010), Associations between
stratospheric variability and tropospheric blocking, J. Geophys. Res., 115, D06108, doi:10.1029/2009JD012742.

1. Introduction

[2] It is widely believed that stratospheric sudden warm-
ings are often accompanied by blocking weather patterns in
the troposphere [e.g., Andrews et al., 1987]. Detailed
examples of such cases have been described in the literature,
for example by Labitzke [1965], O’Neill et al. [1994],
Kodera and Chiba [1995], and Nishii et al. [2009], and a
systematic study of several events was performed by Quiroz
[1986], who identified a stratosphere-blocking link in 85%
of cases. Recently the issue was revisited in a longer data set
by Taguchi [2008] who in contrast did not find any signif-
icant changes in blocking activity either in the periods be-
fore or after sudden warmings. Martius et al. [2009],
however, do find a significant link between the two.

[3] The stratosphere-blocking link is of interest for two
practical reasons. Firstly, the recent evidence of downward
propagation of annular mode anomalies from the strato-
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sphere to the troposphere [Baldwin and Dunkerton, 2001]
has motivated a deeper understanding of how and why
sudden warmings occur, so investigation into the dynamical
mechanisms by which blocking could perturb the strato-
sphere is needed. Polvani and Waugh [2004] demonstrated
that enhanced tropospheric wave activity precedes changes
in the stratospheric annular mode, and it is likely that
blocking contributes to this tropospheric wave activity.
Secondly, blocking is itself a dramatic regional weather
event, which can result in persistent anomalous weather
conditions, and yet its simulation in weather and climate
models is often regrettably poor [D Andrea et al., 1998]. If
there is some way in which the stratosphere influences
blocking, even if only through the passive removal of wave
activity from the troposphere, then numerical models may
need to have an accurate representation of the stratosphere if
their simulation of blocking is to improve.

[4] There are several reasons why the precise nature of the
stratosphere-blocking link may be difficult to pin down.
Blocking can occur at many different locations, and often
does so several times within a season, so establishing which
blocking regions are linked to sudden warmings, and with
what time lag, is difficult. This situation is compounded by
the rarity of sudden warmings, resulting in small sample
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sizes for statistical analyses. Furthermore there is no unique,
widely accepted criteria to identify blocking. There are
several different blocking indices in the literature and results
from these can differ, even with respect to which are the
dominant climatological regions of blocking. There are two
general approaches to defining a blocking event, either as a
reversed meridional gradient in a quantity such as geopo-
tential height (as in the popular Tibaldi and Molteni [1990]
index), or simply as a large and persistent anticyclonic
anomaly, as in the work of Dole and Gordon [1983]. The
index used here, as described in section 2.3, follows the
former approach and emphasizes the stationary and persis-
tent nature of blocking, as well as the dynamical wave
breaking responsible for it. See Tyrlis and Hoskins [2008]
for a more detailed discussion.

[s] Here we adopt a new approach in an attempt to cir-
cumvent some of these problems. Rather than focus on the
small number of sudden warming events, we search for links
between blocking and stratospheric variability in general,
which then allows us the use of the whole reanalysis data
set. We use a two-dimensional blocking index which sear-
ches for blocking events at all latitudes and longitudes, in
contrast to many indices which only search along certain
latitudes. In this way we can identify specific regions in
which blocking is linked to stratospheric variability,
although rigorous statistical tests for field significance will
need to be applied. In addition we also supplement the
observational record with the output from a simulation of a
stratosphere-resolving numerical climate model. It will be
seen that there are not one, but several different strato-
sphere-blocking links, all of which are of high statistical
significance and are reproduced very well in the model data
set. In fact, the existence of several different links may be a
key reason for the contradictory results of different studies.

[6] After description of the data and methods used in
section 2, the results of the correlation analysis will be
presented in section 3. In section 4 we then examine some of
the regions where blocking has a particularly strong link to
stratospheric variability and investigate the evolution of
events in these regions, in the hope that this will suggest
physical mechanisms behind the observed correlations.
While the inclusion of all stratospheric variability identifies
relations with very high statistical significance, it is of
interest whether some of these relations are evident in the
sudden warming events, and this is investigated in section 5.
The recent northern winter of 2008-2009 exhibited a dra-
matic sudden warming and tropospheric blocking, so we
also analyze this winter (which is outside of the period of the
reanalysis data used) to see if the events of this winter are
consistent with the observed stratosphere-blocking links.
We finish in section 6 with a brief analysis of two parallel
model runs, one with a well resolved stratosphere and one
without, to determine if the occurrence of blocking in the
model is increased when the stratosphere is resolved.

2. Data and Methods

2.1. Data

[7] The majority of this paper uses 1.125° data from the
European Centre for Medium-range Weather Forecasting
reanalysis ERA-40 [Uppala et al., 2005]. We focus on the
two “active seasons” for stratosphere-troposphere interac-
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tion, namely November—March (NDJFM) in the Northern
Hemisphere and August-November (ASON) in the Southern
Hemisphere [Thompson and Wallace, 2000; Baldwin et
al., 2003; Black and McDaniel, 2007]. Altogether there
are 44 complete northern seasons (1957/58-2000/01) and
also 44 complete southern seasons (1958-2001). The results
are not sensitive to inclusion of data from the presatellite
period, as discussed in section 3.

[8] We compare the ERA-40 data with output from the
Met Office Hadley Centre atmospheric general circulation
model HadGAMI1 [Martin et al., 2006]. The model reso-
lution is 1.875° longitude by 1.25° latitude and is used here
in an extended vertical configuration with 60 levels and the
upper boundary at 84 km to improve the representation of
the stratosphere. The model is forced with observed SSTs
and sea ice [Rayner et al., 2003] and radiative forcings for
the period 1961-2002, so providing 42 complete seasons in
both hemispheres. Blocking in the 38 level climate resolu-
tion version of this model is described by Ringer et al.
[2006] and sensitivity of Pacific blocking to tropical SST
is explored by Hinton et al. [2009].

[9] In section 6 we compare the blocking climatology in
38 and 60 level configurations of HadGAMI. Note that this
is a slightly different model to that used for the correlation
analysis, for which a parallel L38 simulation was not
available. This model includes many of the changes pro-
posed for HadGEM2-A as documented by Collins et al.
[2008]. The 38 level version (L38) has a model top in the
stratosphere at 39.3 km (~3 hPa) and the 60 level version
(L60) has a model top near the mesopause at 84.1 km
(~0.004 hPa). Both models have the same vertical resolution
in the troposphere with 28 identical levels below the tro-
popause, but different vertical resolutions in the strato-
sphere; the L38 (L60) model has 8 (13) levels in the middle
and lower stratosphere between 10 and 100 hPa, and 2 (19)
levels above 10 hPa. Importantly, both models also have the
same gravity wave drag parameters, horizontal resolution
and a timestep of 20 min, allowing for a clean assessment of
the impact of stratospheric resolution. We produce 5 month
model hindcasts for a suite of 15 winters over the last 45
years; 1962-1963, 1963-1964, 1964-1965, 1968-1969,
1974-1975, 1982-1983, 1983-1984, 1987-1988, 1989—
1990, 1991-1992, 1992-1993, 1995-1996, 1997-1998,
1998-1999, and 2005-2006. These years are chosen as part
of a larger study [Marshall and Scaife, 2009; Marshall et
al., 2010; A. G. Marshall and A. A. Scaife, Improved pre-
dictability of Stratospheric Sudden Warming events in an
AGCM with enhanced stratospheric resolution, submitted to
Journal of Geophysical Research, 2009] that investigates
the seasonal predictability of European surface winter cli-
mate anomalies associated with SSWs, QBO events, ENSO
episodes, and volcanic eruptions. Fifteen-member ensembles
for each winter period are initialized at 6-hourly intervals
starting from 12Z on 27 November and ending with 00Z on
1 December to produce hindcasts that are integrated from a
model start date of 1 December. The initial atmospheric
conditions for each hindcast use data from the ERA-40
reanalysis. Each model experiment is forced with time-
varying boundary conditions from greenhouse gases
including CO2, CH4, N20, CFCI3 and CF2CI2 (specified at
decadal intervals and interpolated linearly), and changes in
vegetation, sulphur, soot, and biomass emissions. Sea surface
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Figure 1. The deviation of the climatology of Z10 from its zonal mean in ERA-40 for NDJFM in the
Northern Hemisphere and ASON in the Southern Hemisphere. Contours are drawn every 100 m with neg-
ative (cyclonic) contours dashed and the zero contour omitted. The thick shaded lines show the full cli-
matology contoured every 500 m starting from 29.5 km in the Northern Hemisphere and 28.5 km in the

Southern Hemisphere.

temperature and sea ice extent variations are specified from
an analysis of historical observations [Rayner et al., 2003],
and atmospheric ozone concentrations were held constant at
1990 levels. Explosive volcanic eruptions are absent from
the model simulations to avoid their masking effects on the
extratropical circulation (Marshall and Scaife, submitted
manuscript, 2009).

2.2. Stratospheric Variability

[10] To characterize stratospheric variability we perform
an Empirical Orthogonal Function (EOF) analysis of daily
geopotential height at 10 hPa (Z10), since this field is
available for both the ERA-40 and the model data. Since
Z10 varies on large scales only, the ERA-40 data were
subsampled to a resolution of 2.25° to reduce processing
time. The data were linearly detrended and a smooth sea-
sonal cycle was removed, which was defined by averaging
the data over all years and then applying a discrete cosine
transform, retaining only the mean value and the two lowest
cosine modes. An extra 15 days on either side of the seasons
of interest were included in the transform to minimize edge
effects. EOF analysis was then applied directly to the
resulting daily Z10 anomaly data over the region poleward
of 20°N, after weighting by the square root of the cosine of
the latitude, as is conventional [Baldwin et al., 2009]. We
have tested the sensitivity of the results to changes in this
method, for example by using a running mean to smooth the
seasonal cycle and by not detrending the data before calcu-
lating the EOFs. These changes resulted in only very small
quantitative changes in the correlation values obtained.

[11] It is useful to compare the EOF patterns to the zonal
asymmetries of the time mean flow, so these asymmetries
are shown in Figure 1. In these maps the zonal asymmetries
are of similar magnitude in both hemispheres, but the zonal
flow is stronger in the Southern Hemisphere, so the asym-
metries represent weaker disturbances than those in the
Northern Hemisphere. The same applies to the EOF patterns
obtained, which also feature Z10 anomalies of similar
magnitudes in both hemispheres.

2.3. Blocking Index

[12] Blocking is an anomalous synoptic pattern in which
the prevailing westerlies and midlatitude storms are
“blocked” by a large-scale, persistent anticyclone. In winter
these events often bring severe cold to regions whose winter
climate is normally moderated by a mild maritime influence.
As described by Pelly and Hoskins [2003] the onset of
blocking is associated with the breaking of a synoptic-scale
Rossby wave in the upper troposphere. Following this per-
spective, we identify blocking events in both the reanalysis
and model data using the two-dimensional index described
by Berrisford et al. [2007]. This index identifies blocking
episodes via the associated wave breaking, by searching for
a reversal in the meridional contrast of potential temperature
# on the dynamical tropopause (the PV2 surface). At each
point, fpy, is averaged over two boxes of 5° longitude by
15° latitude, to the north and south of the point. When the
value of the northern box minus the southern box becomes
larger than zero, a reversal is defined. Temporal and spatial
scales are then applied to ensure that the events identified
are large-scale, quasi-stationary and persistent (lasting at
least 5 days), and these are then termed episodes. See
Berrisford et al. [2007] for more details. It is these blocking
episodes that we use to characterize blocking activity in this
paper.

[13] The index is a straightforward two-dimensional
extension to that of Pelly and Hoskins, in that blocking can
be identified at all latitudes and longitudes. The index is
usually applied every 4° between the latitudes of 25° and
73°. However, in the Northern Hemisphere the northernmost
events are generally weak, since the mean meridional gra-
dient there is weak, and so relatively easy to overturn
[Woollings and Hoskins, 2008]. Approaching the tropics the
PV2 surface becomes more elevated, and so missing or
unrealistic values of the diagnosed potential temperature are
common. This occurs at slightly higher latitudes in the
model data, so the blocking index is only applied poleward
of 37° in this data. The index is referred to in general as a
wave-breaking index, and identifies events in midlatitudes
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Figure 2. Maps of the climatological blocking episode frequency in ERA-40 and HadGAM for the (top)
Northern and (bottom) Southern Hemisphere. The frequency is contoured every 0.05 day ', except in the
two rightmost panels, which show the difference between HadGAM and ERA-40, contoured every 0.02
day~' with negative contours dashed and the zero contour omitted.

classed as blocking, and events on the poleward side of the
storm tracks which are often termed high-latitude blocking.

[14] The climatological frequency of blocking episodes in
the ERA-40 and HadGAM data is shown in Figure 2, for the
chosen active seasons in both hemispheres. Blocking in the
Northern Hemisphere is concentrated over Europe and two
regions of frequent high-latitude blocking centered
upstream of the two ocean basins. The model simulates the
general structure of the climatology well but, in common
with other GCMs, it does tend to underestimate the occur-
rence of blocking, especially over Europe and in the Pacific
sector. In the Southern Hemisphere the occurrence of
blocking is less geographically concentrated. Again the
model climatology is generally good, although blocking is
underestimated in the vicinity of the Weddell and Ross seas.

2.4. Wave Activity Diagnostic

[15] Flow variability in the stratosphere is largely driven
by the upward propagation of long planetary-scale Rossby
waves from the troposphere. To give insight into the
mechanisms responsible for correlations between strato-
spheric variability and blocking we use a diagnostic measure
of this Rossby wave activity. As described by Vallis [2006]
the Eliassen-Palm relation

04

5 TV F=D (1)

is a conservation law for the wave activity density 4, where
F is the Eliassen-Palm flux and D represents sources and
sinks due to nonconservative terms. Here we use the wave
activity density 4 as a diagnostic of wave activity. 4 can be
calculated from the quasi-geostrophic potential vorticity g
using the relation

q’2

= 300y 2
where an overbar denotes a zonal mean and a prime denotes
a deviation from this mean. 4 therefore directly measures
the potential vorticity variations that underlie Rossby wave
activity, so is a natural diagnostic to choose. The potential
vorticity on pressure surfaces is given by

_ 2 O (1 00
g=f+V w+8p (s2 ap)’ 3)

where the quasi-geostrophic stream function v can be cal-
culated from the geopotential ¢ by ¥ = ¢/fy. For the cal-
culations here, the stream function was area-averaged over
boxes of 5 x 5 cells on the ERA-40 1.125° grid in order to
reduce the small-scale noise introduced by the derivatives in
3. Our interest is ultimately in the longest planetary wave
numbers, so this level of “coarse graining” is justified.
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[16] For the analysis performed here, we use the stability

parameter
R(p\"df
ST=—-=(&) = 4
P (pk) dp @)

for a reference isothermal profile of temperature 7= 250 K.
The potential temperature 6 is given by T(pz/p)”, with
K = R/c, = 287/1004 and pr = 1000 hPa. The denominator
of equation (2) is calculated from the climatological mean
g in order to remove a few near-singular points from the
data, and also to maintain consistency with the theory, in
which g does not vary with time.

[17] In section 4 we composite the wave activity density
A for blocking events in different regions. A is calculated
every 5° of latitude between 40° and 80° and then area
averaged over this latitude band for presentation. Exami-
nation of individual cases suggests that the area averaging
compensates for changes in the latitude of wave activity in
the troposphere. Wave activity for different zonal wave
numbers is obtained by Fourier filtering using an FFT
algorithm at each latitude separately before area averaging.
The wave activity density is then linearly detrended and a
seasonal cycle is removed, which is calculated by aver-
aging over all years and then smoothing with a 7 day
running mean.

[18] Although the seasonal cycle of A4 is removed, the
stationary waves still contribute to ¢, and so to variations in
A, depending on how the flow anomalies on any particular
day interfere with the stationary waves. In order to deter-
mine whether the anomalies associated with blocking
interfere positively or negatively with the stationary wave
pattern, a second version of the wave activity density was
also calculated with the contribution of the stationary waves
removed. This was achieved by removing the stationary part
of the ¢ field from each daily field prior to the evaluation of
equation (2), where the stationary part was defined as the
climatological seasonal mean of gq.

3. Correlation Analysis

[19] In this section we demonstrate the existence of
stratosphere-blocking links by correlating the principal
components of the leading daily Z10 EOFs with the
occurrence of blocking. Figure 3 shows the Northern
Hemisphere EOF patterns alongside correlation maps of
blocking with the principle component time series, for both
the ERA-40 and HadGAM data. The ERA-40 EOF patterns
comprise a wave number 0 pattern as the first EOF, then two
wave number | patterns and two wave number 2 patterns in
the subsequent EOFs. Comparison with Figure 1 shows how
the EOF patterns modify the stationary wave pattern. For
example, changes in the amplitude of the stationary waves
are represented by EOF 2 along with contributions from the
wave number 2 patterns. The dynamical relevance of EOF
patterns is always questionable, especially for the higher
EOFs. The patterns are clearly a convenient basis for
describing zonal mean and wave number 1 and 2 variability,
with two orthogonal wave patterns representing each zonal
wave number, as in Fourier analysis. However, the patterns
are also reminiscent of typical stratospheric flow patterns,
especially for the wave number 1 and 2 patterns. In partic-
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ular, the orientation of EOF patterns is very close to the
stratospheric variability observed during minor and major
warmings [e.g., Matthewman et al., 2009]. The first three
HadGAM EOFs are very similar to their observed coun-
terparts and they explain similar fractions of variance.
However, the patterns for EOFs 4—6 suggest that the model
underestimates the amount of wave number 2 variability in
the stratosphere, as seen in other stratosphere resolving
GCMs [Charlton et al., 2007].

[20] The correlation maps in Figure 3 show the correla-
tions between the principle component time series and the
blocking episode index at each location. The blocking epi-
sode index is binary, simply equalling one when a blocking
is detected and zero otherwise. Correlations with lags of up
to plus or minus one month have been calculated, but in
most cases the instantaneous correlation maps are repre-
sentative of the strongest relations seen, so only these are
shown here. The exceptions to this are the correlations with
EOF1, which are discussed later in this section. Note that the
blocking index identifies the point of reversal of the
meridional gradient of fpy», so that the anticyclone lies to
the north of the point where correlations are observed. Local
significance at the 95% level is determined using a 7 test
with an estimated sample size derived from the lag-1
autocorrelations of the two time series, as in the work of
Woollings et al. [2008]. Field significance is then deter-
mined by a Monte Carlo approach using 500 trials in which
the 44 years of stratospheric data are shuffled, keeping each
season intact. This method gives an estimate of the number
of grid cells at which the pointwise 7 test is expected to be
satisfied purely by chance, and the resulting two-sided field
significance (FS) value is given alongside each correlation
map.

[21] It is clear from Figure 3 that there are indeed several
different stratosphere-blocking links, with very high levels
of significance. Furthermore, many of these links are
reproduced very well in the HadGAM data set, with equally
high significance. It seems likely that the existence of sev-
eral different links involving different blocking regions has
contributed to previous contradictory results in the literature.
In section 4 we will examine some of these links individ-
ually, region by region. For now, we just give an overview
of the regional details of Figure 3, remembering that the sign
of EOF patterns is arbitrary, so from this analysis it is not
clear whether, for example, increased blocking accompanies
the EOF2 pattern or decreased blocking accompanies its
inverse.

[22] Interestingly it is the wave number 1 and 2 EOFs
which show the strongest correlations, although the zonally
symmetric EOF1 does correlate with high-latitude blocking
over Greenland and Alaska. In addition to EOF1, blocking
in the Greenland region is correlated to wave number 1 and
2 variability in the stratosphere, in both of the data sets. In
contrast, correlations with blocking over Alaska are gener-
ally weak, with most of the significant correlations in the
Pacific occurring upstream, in what we will refer to as the
West Pacific. Note that north-south dipoles in blocking
activity, such as that seen to be related to the ERA-40 EOF4
over the West Atlantic/Greenland, most likely indicate
variations in blocking in the southern region where blocking
occurs more rarely. When a block does occur in the vicinity
of the southern center of the dipole an anticyclone lies to
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Figure 3. The six leading empirical orthogonal functions (EOFs) of daily Z10 (in the season NDJFM),
and next to each EOF, the associated blocking episode instantaneous correlation map for both (left) ERA-
40 and (right) HadGAM. The EOFs are displayed by regressing the Z10 anomalies onto the principal
component time series and are contoured every 50 m. Correlations are contoured every 0.05, with signif-
icance at the 95% level indicated by shading. In all plots, negative contours are colored blue, and the zero
contour is omitted. The fraction of variance explained by each EOF is given above and left of its map, and
the field significance for the correlations maps is given above and left of each map.
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Stratosphere lags
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Figure 4. Six day lag correlation maps of Northern Hemi-
sphere blocking with the first Z10 EOF in both the ERA-40
and HadGAM data sets. Contouring is as in Figure 3.

the north of this, so that the fpy, gradient is unlikely to be
reversed in the vicinity of the northern center.

[23] Blocking over Europe is correlated with wave num-
ber 2 variability in the stratosphere, as described by EOFs 4
and 5 in the ERA-40 data. It is interesting that the phase
difference between the two EOFs is also seen in the two
correlation maps, with the EOF5 European blocking corre-
lations located roughly 45° west of the EOF4 correlations.
There is also a link between blocking over Southern Europe
and the more zonally symmetric EOF6. This is similar to the
results of Santos et al. [2009] who document stratospheric
flow variations linked with strong ridge episodes over the
eastern North Atlantic.

[24] As a test of robustness, we have repeated the analysis
using height data at 70 hPa rather than 10 hPa (not shown).
The resulting EOF patterns are similar, although the wave
number 1 patterns are shifted about 30° to the east. The
wave number O and 1 patterns have relatively smaller
fractions of the variance at this level. Analysis of this data
gives very similar correlation maps to those in Figure 3,
although the correlations are generally stronger, as might be
expected. The only feature which is qualitatively different
from Figure 3 is that the 70 hPa EOF3 shows significant
correlations with blocking over Northern Europe. This may
reflect the fact the EOF3 pattern is phase shifted so that its
Atlantic center lies closer to Europe. The results of sections
4.1 and 5 confirm that European blocking is linked to
stratospheric disturbances of both wave number 1 and 2.

[25] The correlation patterns seen in the HadGAM data
are generally similar to those in ERA-40, which gives fur-
ther confidence to the results. The agreement is very good
for EOFs 1-3 especially. For EOFs 4-6 there are correla-
tions over Europe and the Atlantic in the same regions as
seen in the ERA-40 maps, even though the structure of the
individual EOFs are different. It is interesting that there is a
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link between European blocking and stratospheric wave
number 2 variability, as these are both underrepresented in
the model simulation. It is possible that the lack of European
blocking could contribute to the lack of wave number 2
variability in the model’s stratosphere.

[26] As stated above, the instantaneous correlation maps
are generally representative of all the relations seen, but the
exception to this is the relation with the first EOF. The
instantaneous correlations in Figure 3 show links with the
West Atlantic and the East Pacific, but lag correlations also
exist with blocking over Europe. This is clear in 6 day lag
correlation maps shown in Figure 4. The two data sets agree
well on the correlations when the stratosphere leads, with
only small differences in the locations of some features.
When the stratosphere lags the two data sets are in less good
agreement. In ERA-40 all of the correlations are stronger
when the stratospheric variability leads the blocking index.
These correlation patterns persist at similar magnitude for
the stratosphere leading by up to 30 days (not shown). The
correlations are also stronger when the stratosphere leads in
the HadGAM data, with the exception of the correlations in
the West Atlantic. Again, the correlations persist for much
longer when the stratosphere leads, although only to around
20 days which is less than in the reanalysis. In contrast,
correlation maps with the stratosphere lagging by more than
6 days are weak and incoherent in both data sets. Lag cor-
relations by themselves do not prove that there is any
physical causality with the stratosphere affecting the
occurrence of blocking, but the contrast between the lead/lag
maps in Figure 4 do provide encouraging evidence that there
might be such a link. This is discussed further in the relevant
regional analyses below.

[27] The correlation analysis has also been applied to the
Southern Hemisphere in both data sets and the results are
shown in Figure 5. As before, EOFs 1-5 represent vari-
ability in wave numbers 0—2. This time, however, the model
EOFs are much more similar to those from ERA-40,
although there are some phase differences, especially for the
wave number 2 patterns. As before, the fractions of variance
explained by the different patterns are very similar to those
from ERA-40. The fact that wave number 2 variability is
well represented here suggests that the underlying reason for
lack of wave number 2 variability in the northern strato-
sphere lies in the troposphere.

[28] The correlation maps show that, while correlations
are generally weaker than in the Northern Hemisphere, there
are some stratosphere-blocking links with high field sig-
nificance. In general, these are evident in both data sets,
although the lower correlation values mean that in some
cases the regions exhibiting significance do not precisely
agree. The correlations only achieve field significance for
the wave number 1 and 2 EOFs. As in the Northern
Hemisphere, correlations with the zonally symmetric EOF1
are weaker, and in this case they are not significant. In
contrast to the Northern Hemisphere the lag correlation
structure for EOF1 is similar to that in the instantaneous
map.

[29] Caution must be applied concerning the reliability of
reanalysis data in the presatellite period, especially in the
Southern Hemisphere. With this in mind, the correlation
analysis has been repeated using only ERA-40 data from
1979 onward. In both hemispheres the main features of the
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Figure 6. Time-pressure plots of area-averaged wave
activity density anomalies in zonal wave numbers 1-3 com-
posited with respect to the onset of blocking over Northern
Europe (day 0), contoured every 0.01 ms = with negative
contours dashed and the zero contour dotted. Shading indi-
cates values that are significant at the 95% level using a
two-sided Monte Carlo test with 1000 trials in which the
same number of “blocking onset days” is chosen at random.
This is a composite of 136 events.

correlation maps and the levels of significance are very
similar. This, along with the similarity to the results of the
HadGAM analysis, suggest that the reduced observational
coverage in the early years of ERA-40 has not adversely
affected the analysis presented here.

4. Regional Analyses

[30] We now examine some of the strongest stratosphere-
blocking links in more detail by forming composites with
respect to the onset date of blocking events in certain key
regions which are suggested by the correlation analysis.
Blocking onset is defined as the first day which is part of a
blocking episode after 5 consecutive days which are not.
Owing to some limitations on data availability and for
conciseness these regional analyses will be performed using
the ERA-40 data only.

4.1. Northern Europe

[31] Northern Europe, lying at the end of the North
Atlantic storm track, is the dominant midlatitude blocking
region identified by this index. As shown in Figure 3, the
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significant simultaneous correlations here are associated
with wave number 2 disturbances in the stratosphere. To
give physical insight into the link we choose the location
(53°N, 20°E) where high correlations with EOF4 are seen in
Figure 3, and composite the wave activity density with
respect to blocking onset at this point. The evolution of
wave activity density anomalies (from the smooth seasonal
cycle) is shown in Figure 6. The blocking anomaly itself is
seen in the period immediately after day 0, and projects onto
both wave numbers 1 and 2 in the troposphere. At later dates
enhanced wave activity in these wave numbers is also evi-
dent in the stratosphere, with a particularly clear upward
propagation of wave number 2 activity from the troposphere
to the stratosphere. The wave number 1 disturbance devel-
ops in the uppermost stratosphere after the upward propa-
gating pulse of wave number 2 activity reaches that level.
This could indicate that the wave number 2 disturbance to
the polar vortex decays into a wave number 1 disturbance,
especially at uppermost levels, as often seen in the period
following the split of the polar vortex during sudden
warmings. There are some significant anomalies in wave
activity preceding the blocking onset, especially in wave
number 2 in the troposphere. This could reflect the existence
of tropospheric flow precursors for European blocking, as
described by Nakamura et al. [1997]. It could also be partly
an artefact of the compositing, whereby the period imme-
diately before onset by definition does not contain con-
tributions from blocking.

[32] The blocking itself is a regional synoptic-scale dis-
turbance, so we suggest that the large changes in tropo-
spheric wave activity on the long planetary-scale wave
numbers reflects the modification of the stationary
wave pattern by the blocking anomalies. The stationary
waves contribute to the wave activity density as shown in
Figure 6, so to test this hypothesis we use the version of
wave activity density calculated after removal of the cli-
matological stationary waves from the data. For both wave
numbers 1 and 2 the resulting composites (not shown)
exhibit similar features in the troposphere as in Figure 6, but
with much reduced amplitudes. This shows that the pro-
jection of the blocking anomaly onto these wave numbers
interferes positively with the stationary waves, increasing
the tropospheric wave activity, and this change then pro-
pagates upward into the stratosphere.

[33] Maps of the tropospheric and stratospheric flow
evolution during Northern European blocking are shown in
Figure 7. In the troposphere the blocking anomalies are clear
over Europe, with no coherent features elsewhere. After the
onset of blocking the stratospheric vortex shifts away from
the Pacific and toward Eurasia, though note that EOFs of
both wave number 1 and 2 contribute to this composite
pattern. The enhancement of the Aleutian anticyclone in the
stratosphere is typical of the flow evolution associated with
sudden warmings. As shown in section 5, blocking over
Northern Europe does emerge as a precursor to sudden
warmings, in agreement with Limpasuvan et al. [2004],
Nishii et al. [2009], Martius et al. [2009], E. W. Kolstad et
al. (The association between stratospheric weak polar vortex
events and cold air outbreaks, submitted to Quarterly
Journal of the Royal Meteorological Society, 2009), C. 1.
Garfinkel et al. (Tropospheric precursors of anomalous
Northern Hemisphere stratospheric polar vortices, submitted
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Figure 7. Flow evolution composited with respect to the onset of blocking over Northern Europe at day
0. (top) 250 hPa stream function anomalies from the time mean, contoured every 2 x 10° s™', with neg-
ative contours in blue and the zero contour omitted. To provide context, the composite full stream func-
tion field is shown by thick green contours every 2 x 10" s ™! from =9 x 107 s ' to =15 x 10" s~ '. (bottom)
10 hPa geopotential height (Z10) anomalies contoured every 25 m, with negative contours in blue and the
zero contour omitted. The composite full field is contoured in green every 500 m.

to Journal of Climate, 2009), and T. Breiteig (Tropospheric
precursors of stratospheric warmings, submitted to Climate
Dynamics, 2009).

[34] The composites also clearly show that the strato-
spheric vortex is anomalously strong in the period before
blocking onset, reminiscent of the preconditioning of the
vortex prior to sudden warmings [Mclntyre, 1982; Scott and
Polvani, 2004]. This feature is also evident in the correlation
analysis, as shown in Figure 4. It is not clear whether this
stratospheric lead represents any physical causality. When-
ever the stratospheric vortex is disturbed there will be some
projection onto EOF1, and since European blocking clearly
perturbs the vortex this signal could simply reflect the
absence of European blocking in the period before blocking
onset.

[35] In Figure 3 it is apparent that there are different
regions of Europe which exhibit slightly different correla-
tions. However this analysis has been repeated for locations
in Western and Southern Europe and the composite flow
and wave activity anomalies are generally similar to those
shown here.

4.2. Greenland

[36] Blocking over Greenland results in flow anomalies
resembling the negative phase of the North Atlantic
Oscillation (NAO), and in fact Woollings et al. [2008]
suggested that much of the multiyear variability of the
NAO is associated with variations in the occurrence of
Greenland blocking. Evidence for a stratosphere-troposphere
connection associated with the NAO [e.g., Ambaum and
Hoskins, 2002; Baldwin and Dunkerton, 2001; Marshall
and Scaife, 2009] could therefore be relevant to the corre-
lations seen here.

[37] In Figure 3 there are instantaneous correlations
between Greenland blocking and several of the EOFs, most
clearly EOFs 1, 3, and 4. The composite flow evolution for
these events is given in Figure 8. In contrast to European
blocking the stratospheric vortex is anomalously weak in the
period prior to blocking onset. This is supported by lag
correlation analysis, which shows significant correlations
between blocking and EOF1 when the EOF leads by around
a week (Figure 4). This is consistent with the analysis of
Woollings et al. and the literature cited above which sug-
gests a downward propagation of annular mode anomalies
from the stratosphere to the troposphere.

[38] After the onset of blocking the stratospheric vortex is
distorted, with a fairly complex composite anomaly pattern.
The wave activity density (not shown) exhibits weaker
upward wave propagation than that associated with
European blocking, although there is clear and significant
upward propagation in wave number 3, which contributes to
the complexity of the Z10 anomalies in Figure 8. Higher
wave numbers such as this can only propagate upward when
the stratospheric vortex is weak [Charney and Drazin,
1961], as is the case here. Comparing the two versions of
wave activity density, those with and without the stationary
waves, shows that in this case the tropospheric wave number
1 anomalies associated with the blocking interfere destruc-
tively with the stationary wave number 1 anomalies. This
could explain the weaker upward wave propagation than
associated with European blocking.

4.3. West Pacific

[39] Blocking in the West Pacific correlates particularly
well with EOF2 (see Figure 3). The composite flow evo-
lution for blocking at the representative location (49°N,
155°E) is shown in Figure 9. This does show stratospheric
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Figure 8. As in Figure 7, but for blocking at (53°N, 50°W) in the West Atlantic, referred to here as

Greenland blocking.

anomalies before blocking onset, but these are much weaker
than those after onset, when the vortex shifts toward
Canada in a reduction of the climatological stationary wave
amplitude.

[40] The wave activity density (Figure 10) tells a similar
story. Blocking is associated with an increase in tropo-
spheric wave number 2 activity which propagates up into
the stratosphere. However, in wave number 1 the composite
shows opposite behavior in the stratosphere and the tropo-
sphere: an increase in wave activity in the troposphere but a
decrease in activity propagating upward through the strato-
sphere. Again, this difference can be understood by con-
sidering the interaction with the stationary waves. If the
stationary waves are removed before calculating the wave
activity density the picture is changed significantly, and this
is shown in Figure 11. Now the wave activity anomaly is

WPAC: 114 events
7~

positive in both the troposphere and stratosphere, with the
anomaly propagating up into the stratosphere. This suggests
that West Pacific blocking is associated with a wave number
1 disturbance which propagates upward from the tropo-
sphere into the stratosphere. However, in the stratosphere
this disturbance interferes destructively with the stationary
wave pattern, so the vortex becomes more zonal, with lower
total wave number 1 wave activity. This is consistent with
the results of Limpasuvan et al. [2005], who show that an
anticyclonic anomaly in this region tends to precede
stratospheric vortex intensification events.

4.4. Southern Hemisphere

[41] In the Southern Hemisphere, correlations between
blocking and stratospheric variability are weaker, probably
because the stationary waves are weaker and the strato-

Nty
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=

=

Figure 9. As in Figure 7, but for blocking at (49°N, 155°E) in the West Pacific.
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Figure 10. As in Figure 6, but for 111 events with blocking
at (49°N, 155°E) in the West Pacific. There are slightly
fewer events in this composite than that of Figure 9 as the
inclusion of longer lag periods increases the restriction of
data availability.

spheric vortex is stronger. However, there are significant
links often exhibiting behavior similar to that in the
Northern Hemisphere. Here we just show one example, that
of blocking in the vicinity of New Zealand, as characterized
by the point (53°S, 160°E). Blocking in this region is very
rare, with only 16 events in the season 16 August—15
November which is used to composite wave activity density.
These events all occur in the period after 1975, which gives
rise to doubts over the ability of ERA-40 to represent these
events in the absence of satellite data. However, blocks in
this region are among the most similar to the classical
midlatitude blocking seen in the Northern Hemisphere
[Berrisford et al., 2007].

[42] The wave activity composites for these events are
shown in Figure 12. There is a clear upward propagation of
wave number 2 activity in the period after blocking onset,
similar to that seen in association with European blocking.
This signal is clearer than that of wave number 1, despite the
correlations with EOFs 2 and 3 in Figure 5. Flow compo-
sites (not shown) exhibit a more complicated pattern of
anomalies involving both wave numbers 1 and 2, which
may account for this discrepancy.

[43] There is also a large increase in wave number 3
activity in the troposphere appearing as a precursor to the
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blocking. This is also evident at several other blocking
locations which have been examined. The Southern Hemi-
sphere troposphere is known to exhibit strong wave number
3 variability [van Loon and Jenne, 1972; Mo and White,
1985; Kidson, 1988; Karoly, 1989] and there is evidence
that this variability can influence the occurrence of blocking
[van Loon, 1956; Trenberth and Mo, 1985; Renwick and
Revell, 1999]. This may in fact be of relevance to the
stratosphere-blocking link. In this composite, the preexisting
tropospheric wave number 3 anomaly vanishes at the onset
of blocking and is replaced by anomalous activity of wave
numbers 1 and 2. It appears that the blocking anomaly
modifies the preexisting wave number 3 pattern so that it
projects instead onto the longer wavelengths, which are then
more able to propagate upward into the stratosphere. Note
that Figure 12 shows the wave activity with the effect of
stationary waves removed. This makes very little difference
to the results, suggesting that the stationary waves are not
important for this process.

5. Sudden Warmings

[44] Correlating the blocking index with time series of
stratospheric variability has enabled us to identify clear and
highly significant links between the two. Now we examine
the periods around observed sudden stratospheric warmings
to see if there are signals in blocking which match the
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Figure 11. As in Figure 10, but with the stationary waves
removed before calculation of the wave activity density.
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Figure 12. As in Figure 11, but for 16 events with blocking
at (53°S, 160°E), in the vicinity of New Zealand.

relations already noted. We show in Figure 13 the blocking
episode frequency anomaly composited with respect to the
central date of sudden warmings in ERA-40, as given by
Charlton and Polvani [2007]. Field significance is generally
low in these composites, reflecting the small sample size,
but in some cases the blocking anomalies seen here are in
agreement with the analyses of sections 3 and 4, increasing
confidence in these links. (The data needed to calculate the
blocking index is not available for the event in 2002, leaving
14 split and 14 displacement events.)

[45] For example, there is increased occurrence of
European blocking in the period before sudden warmings,
especially for displacement warmings, which is in agree-
ment with the upward propagation of wave number 1 and 2
anomalies seen in Figure 6. This is supported by the studies
cited in section 4.1. The occurrence of European blocking is
then reduced in the period after the central date of the
warming. The mechanism responsible for this is not clear,
but a reduction in European blocking in the period after a
weakening of the stratospheric vortex is consistent with the
lagged correlation analysis in Figure 4.

[46] After split vortex warmings there is increased
blocking over both the Atlantic and Pacific basins, which is
again consistent with the correlations in Figure 4 with a
weakening of the vortex (positive EOF1) leading the
blocking. The evolution of these composites is very similar
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to that proposed by Woollings and Hoskins [2008] to
explain the weak tendency for high-latitude blocking to
occur over both basins at the same time. Blocking occurs
simultaneously over both the western North Atlantic and the
East Pacific as the stationary wave trough over Canada is
deformed, and then the blocking anomaly shifts upstream in
the Pacific. This results in a tropospheric anomaly pattern
resembling the negative phase of the NAM, and Woollings
and Hoskins showed that these events do tend to occur in
association with split warming events.

[47] The recent winter of 2008/09 was notable for a split
vortex sudden warming of unprecedented amplitude
[Manney et al., 2009], so we briefly examine the occurrence
of blocking in this winter for events which match the
relationships described above. This winter is outside the
ERA-40 period, so its events do not contribute to the results
presented so far. Figure 14 shows a Hovmoller plot sum-
marizing the blocking activity in this winter. The central
date of the sudden warming was 24 January, corresponding
to day 55. The warming was preceded by a blocking event
over Europe by around 15-20 days. Figure 13 does show
increased European blocking 11-20 days before split
warmings and, although this does not pass the significance
test, the results of the correlation and wave activity analyses
support the view that European blocking leads to the upward
propagation of wave number 2 activity into the stratosphere.
Ten to 20 days before the warming there was also a per-
sistent blocking episode at 150°E—180°E over the West
Pacific, a precursor more usually associated with displace-
ment warmings. There is another such event 10-20 days
after the warming, which is in agreement with the compo-
sites. To summarize, this winter exhibited clear examples of
some of the features identified in the composite analysis
above, in particular the tendency for European blocking to
precede split warmings as well as displacement warmings.

[48] This winter is also instructive with regard to the role
of the East Pacific in sudden warmings. Martius et al.
[2009] recently presented evidence that split warmings are
often preceded by blocking over the East Pacific. There is
evidence of this in Figure 13, but the region does not emerge
as one with significant correlations with the stratospheric
EOFs in Figure 3. Figure 15 shows 6py, for the 12 January,
i.e., 12 days prior to the central date of the sudden warming.
The European blocking is easily identified as a reversal of the
meridional gradient of potential temperature associated with
a large anticyclonic wave breaking. In the East Pacific there
is also a large-scale ridge but this is oriented meridionally
and does not exhibit the reversed gradient which is the
signature of wave breaking. One of the key differences be-
tween our blocking index and that used by Martius et al. is
that our index does not consider this to be a block since it is
not related to a wave breaking event. Tropospheric flow
features of all kinds, such as ridges, troughs and wave trains,
can clearly modify the large-scale planetary waves and so
influence the stratosphere. However, this paper specifically
focuses on blocking, which is a particular dynamical event
associated with the breaking of synoptic-scale Rossby
waves, and as such is distinct from other anticyclones
[Masato et al., 2009]. Regardless of this, it is encouraging
that the appearance of this East Pacific ridge in the period
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Figure 13. Composite anomalies of the blocking episode frequency in 10 day periods with respect to the
central date of the sudden warmings in ERA-40. Contours are drawn every 0.05 day ' with negative
values dashed and the zero contour omitted. A bold contour denotes significance at the 95% level in a
two-sided Monte Carlo test using 1000 trials in which sudden warming dates are chosen at random. Field
significance is determined by the fraction of these trials in which the pointwise test is passed over the

same spatial area as in the observed composite.

before the 2009 split warming is in good agreement with
the results of Martius et al.

6. Model Intercomparison

[49] One of the motivations for studying the strato-
sphere-blocking link is to determine whether improving the
representation of stratospheric flow could reduce the long-
standing problem of the underestimation of blocking in
numerical models. Scaife and Knight [2008] recently gave
an example of a climate model which did indeed show an
increase in blocking when the number of model levels in the
stratosphere was increased. Here we present a similar
comparison using the model simulations described in
section 2.1. We simply compare the mean blocking episode
frequency in the 15-member ensembles of the 15 selected
winters. This gives total ensemble sizes of 225 winters,
although note that the period DJF is used for these
ensembles rather than the extended period NDJFM used in
the rest of this paper.

[50] The results of this comparison are summarized in
Figure 16. As expected, compared to ERA-40 blocking is
underestimated in the L38 ensemble, especially over Europe
and the Pacific (Figure 16a). In contrast to the results of
Scaife and Knight [2008] the occurrence of blocking is not
increased in the L60 ensemble. Figure 16b shows that the
difference in blocking occurrence between the two
ensembles is small, especially over the main blocking
regions, although the reduction in blocking over Asia does
act to reduce the bias of the L38 model there. As in Scaife

and Knight, the difference in blocking between the two
ensembles can be explained by the difference in the tropo-
spheric climatology (not shown; see Scaife and Knight for
more details).

[s1] This analysis shows that in general simply adding
levels to a GCM will not necessarily improve the repre-
sentation of blocking in the model. Marshall et al. [2010]
showed that this model has reasonably realistic strato-
spheric variability, though it may be that further model
development, for example of parameterizations, is needed to
fully exploit the potential given by the increased number of
levels. It is also possible, given the design of these
ensembles, that some memory of the initial conditions may
contribute to reducing the differences in blocking (see
Marshall and Scaife, submitted manuscript, 2009).

7. Concluding Remarks

[52] In this paper we have shown that there are several
different associations between stratospheric variability and
tropospheric blocking. The use of an EOF-based approach
through which the whole time series of stratospheric vari-
ability are used to calculate correlations is instrumental in
identifying links with high statistical significance. When
only the stratospheric sudden warming events are consid-
ered the field significance of the results is much lower. The
existence of several different stratosphere-blocking links is
likely to have contributed to the contradictory results on this
issue presented in the literature.
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Figure 14. Hovmoller of blocking activity along 53°N for
the winter season 2008-2009. Dots mark points exhibiting
local and instantaneous blocking, and asterisks mark points
considered part of a sector blocking episode, which indi-
cates extent in both longitude and time (see Berrisford et
al. [2007] for details). Note that for this plot only, the po-
tential temperature was smoothed by a 15° running mean in
longitude before applying the blocking index. The central
date of the sudden warming is marked by a horizontal line.

[53] Correlations from ERA-40 have been compared to
those from a simulation of an atmospheric GCM with a well
resolved stratosphere. The model simulates both blocking
and stratospheric variability reasonably well, apart from an
underestimate of European blocking and of wave number 2
variability in the Northern Hemisphere stratosphere. Inter-
estingly these two features are themselves related, so this
stratospheric deficiency may be related to the lack of
blocking. In general, however, correlation results from the
model are very similar to those from ERA-40, increasing
confidence in the reality of these associations.

[54] The occurrence of blocking is shown to modify the
preexisting long planetary waves in the troposphere,
resulting in upward propagation of these long wave
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anomalies into the stratosphere. The preexisting tropo-
spheric planetary waves can be either stationary or transient,
as seen in the Southern Hemisphere in the interaction of
blocking with wave number 3 disturbances. In the Northern
Hemisphere the modification of the stationary waves by
blocking is critical for the effect on the stratosphere. Euro-
pean blocking is well positioned to interfere positively with
both stationary waves 1 and 2, and emerges as a precursor to
both displacement and split sudden warmings.

[s5s] While blocking influences the stratosphere via wave
activity, the inverse influence of the stratosphere on block-
ing, if indeed there is one, is via the zonal mean flow,
characterized here by the leading EOF. Correlations
between the principal component time series of this EOF
and the blocking index are stronger, more extensive and
more significant when the stratosphere leads the blocking
than vice versa. Significant stratosphere-leading correlations
are seen with blocking over the West Atlantic, the Pacific
and Europe (Figure 4). Blocking in the first two of these
regions (often referred to as high-latitude blocking) results
in flow anomalies similar to the negative phase of the NAO
or the NAM, so these correlations seem to be further evi-
dence of the downward propagation of annular mode var-
iations from the stratosphere to the troposphere. These
blocking events may constitute the transient eddy feedback
which amplifies jet stream perturbations descending from
the stratosphere [Song and Robinson, 2004]. Blocking over
Europe is also related to the NAO, so the correlation in this
region could also be a consequence of the downward NAO/
NAM connection. However, given the magnitude and extent
of the correlations over Europe it seems possible that the
stratospheric zonal mean flow could be directly influencing
the occurrence of European blocking.

260

280 300 320 340 360 380

Figure 15. Daily mean 6py, for 12 January 2009.
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Figure 16. Differences in the DJF blocking episode fre-
quency: (a) HadGEM2-A L38 ensemble minus ERA-40
and (b) L60 ensemble minus L38 ensemble. Contours are
drawn every 0.02 day ' with negative contours dashed
and the zero contour omitted.

[s6] The underestimation of blocking is an enduring prob-
lem faced by numerical models, and this reduces confidence in
model forecasts on all timescales from the medium-range
upward. We have given an example in which increasing the
number of model levels to improve the representation of
stratospheric variability unfortunately does not improve the
representation of blocking in the model.
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