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Understanding the Cold European Winter of 2005/06 UsinguRetlon Experiments ECMWF

Abstract

Experiments with the atmospheric component of the ECMWEdrdted Forecasting System (IFS) have
been carried out to study the origin of the atmospheric Gten anomalies that led to the unusually cold
European winter of 2005/06. Experiments with prescribedsseface temperature (SST) and sea ice fields
fail to reproduce the observed atmospheric circulatiomaadiies suggesting that the role of SST and sea ice
was either not very important or the atmospheric responS&iand sea ice was not very well captured by
the ECMWF model. Additional experiments are carried out frich certain regions of the atmosphere are
relaxed towards analysis data thereby artificially supgingsthe development of forecast error. It is shown
that both tropospheric circulation anomalies in the Euttawtic region and the anomalously weak strato-
spheric polar vortex can be explained by tropical circolainomalies. Separate relaxation experiments for
the tropical stratosphere and tropical troposphere tgghthe role of the easterly phase of Quasi-Biennial
Oscillation (QBO) and, most importantly, diabatic heatamgpmalies over South America and the tropical
Atlantic. From these results it is argued that the relaxatéchnique is a very powerful diagnostic tool to
understand remote origins of seasonal-mean anomalies.

1 Introduction

It is well-known that persistent large-scale extratropaieculation anomalies such as the North Atlantic Os-
cillation (NAO) have a profound impact on the climate of plaped areas such as Europe and North Amer-
ica (e.g.van Loon and Rogerd 978 Hurrell, 1995. Attempts have therefore been made to understand the
mechanisms that drive extratropical atmospheric cirmriagnomalies. It is now widely accepted that a
large part of the extratropical variability in the North Atltic region is governed by internal atmospheric
processes (e.Kushnir et al, 2002 Rowell, 1996. This suggests that predictability of such anomalies is
limited to a few weeks. There is observational and modeléviglence, however, that the atmosphere in the
North Atlantic region is affected locally by sea surface pemature (SST) anomalies in the North Atlantic (e.g
Czaja and Frankignou1 999 Rodwell and Follancd2002 Rodwell et al, 1999 Latif et al,, 2000 and remotely

by tropical SST anomalies via atmospheric teleconnectierss Fraedrich 1994 Greatbatch and Jung007).
Furthermore, it has been suggested that the Northern Hberisstratosphere may provide some additional
memory which might increase monthly and seasonal forekélstesg. Baldwin et al, 2003 Scaife and Knight
2008. However, the relative impact of the North Atlantic, thegics and the extratropical stratosphere has yet
to be assessed. In practice this is very difficult to diagnose

In this study, which can be seen as an extension of the papéduryy et al.(2008, a diagnostic technique
introduced—the so-called relaxation or nudging technigudnich has the potential to help understand possible
‘remote’ influences in the generation of extratropical adpiweric circulation anomalies. Here, the relaxation
technique, which has been widely used by the atmosphegaseicommunity on relatively shorter ‘weather’
time scales Kalnay, 2003 Bauer et al. 2008, will be illustrated for the special case of the cold Eurape
winter of 2005/06.

The anomalously cold European winter of 2005/06 makes andsting case study for various reasons. Firstly,
it was the coldest winter in Europe in about a deceslea(fe and Knight2008, which was brought about by
an increased frequency of occurrence of Euro-Atlantic lifag events. This increase manifested itself in, for
example, the form of an anti-cyclonic anomaly in geopotgritieight fields at the 500 hPa level (hereafter
Z500, Fig.1a). Secondly, most seasonal forecasting system showed saliia predicting the anomalously
cold temperatures several months in advar@ealam et a).2006 Folland et al. 2006 suggesting that some
external forcing rather internal atmospheric dynamicshinigave played a role. Thirdly, the anomalous atmo-
spheric circulation giving rise to the cold European wirttas been studied in some detail (d=glland et al,
2006 Scaife and Knight2008 Croci-Maspoli and Davie2009. Finally, the winter of 2005/06 was marked
by the presence of a number of climate anomalies, both in tréhsrn Hemisphere extratropics and in the
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Figure 1: Observed mean anomalies for the period 1 DecemB8b 20 28 February 2006: (a) 500 hPa geopotential
height (contour interval is 20 m), (b) 50 hPa geopotentiaghe (contour interval is 50 m), (¢) sea surface temperature
(in K), (d) outgoing longwave radiation (in WTR), (e) velocity potential at 200 hPa (contour interval is GrBs 1)
and (f) zonal wind at 50 hPa (contour interval is 3 m¥s Negative (positive) values in (a), (b), (e) and (f) are luec
(solid). All results are based on data from ERA Interi@inimons et al2007, except for (d) which is based on estimates
of outgoing longwave radiation from NOAA satellitéseppmann and Smiti996.

tropics, which might explain the observed circulation

Observed anomalies for the winter of 2005/06 and variougreifit parameters are shown in Figdre Ev-
idently, the anomalously tropospheric circulation angmalthe Euro-Atlantic region is accompanied by an
anomalously weak vortex. This, along with results from nrioa¢ experiments in which a stratospheric per-
turbation is applied that mimics the observed stratospheairming, ledScaife and Knight2008 to conclude
that the sudden stratospheric warming has contributedetoditl European winter of 2005/06.
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As mentioned above, numerous studies have argued that Nibaititic SST anomalies were cruciddolland et al.
(2006, for example, point out that the statistical predictiohesme ofRodwell and Folland2002 was suc-
cessful in predicting the anomalously cold European wiatet the physical basis of thRodwell and Folland
(2002 scheme includes North Atlantic SST anomalies affectirgatmospheric ciruclation as one key com-
ponent. Although theéRodwell and Folland2002 scheme employs SSTs in both the tropical and extrat-
ropical part of the North Atlantic, usually the role of thetraropics is highlighted though the so-called
reemergence mechanism. Synoptic-dynamical diagnosiseo2®@05/06 winter byCroci-Maspoli and Davies
(2009 also points to the importance of North Atlantic SST anosmljand surface temperatures over North
America)Croci-Maspoli and Davie$2009 argue that the Euro-Atlantic region is sensitive to claliabatic
processes upstream which in turn is sensitive to neareitéamperature.

Closer inspection of Figuré reveals strong seasonal anomalies in the tropics. The maft2005/06 was
marked, for example, by a La Nifla event of moderate stremdich had a marked impact on the outgoing
longwave radiation (OLR) and the velocity potential at 26@&f(>00). The so-called ‘canonical’ link between
La Nifla and the atmospheric circulation in the North Alamegion Eraedrich 1994 Greatbatch and Jung
2007 predicts a positive phase of the North Atlantic OscillatifNAO), that is, the opposite of what was
observed. Relatively strong negative SST anomalies acetalbe found in the Indian ocean. These anoma-
lies can explain the strong local atmospheric anomalies, (ieduced cloudiness). The modelling study of
Bader and Lati{2003 finds that the warming of the Indian ocean in recent decazhagslto an increased NAO
via the jet stream wave guide, suggesting that Indian oc&na®omalies can have an influence on the atmo-
spheric circulation in the Euro-Atlantic region. Finalstrong tropospheric anomalies were also evident over
South America, the tropical Atlantic and over North Afriadl of which, potentially, may have triggered a
Rossby wave response over the North Atlantogkins and Ambrizzi1993).

Finally, the winter of 2005/06 was marked by the negativesphaef the Quasi-Biennial Oscillation (QBO,
see Fig.1f). According toHolton and Tan(1980, the negative phase of the QBO leads to a weakening of
the Northern Hemisphere stratospheric polar vortex whictuin may lead to the negative phase of the NAO
through ‘downward propagation’ of stratospheric anonsaBaldwin and Dunkerton1999. In fact, in a more
recent studyBoer (2008 find a significant link between the phase of the QBO and thmospheric circulation,
especially in the North Atlantic region.

The paper is organized as follows. In the next section thexagion technique and its use in the present study
will be described in some detail. The Results section staitts a discussion of seasonal mean anomalies.
In this context, the influence from the tropics will be stutlia considerable detail. The influence from the
tropics will then be compared with the role played by the Nemh Hemisphere stratosphere. This is followed
by a short discussion of possible extratropical-tropicdétiaction. The section on seasonal-mean circulation
anomalies finishes with an investigation into the senstivitresults to details of the relaxation formulation. In
the second part of the Results section, the intraseasoaokitiew during the 2005/06 winter will be dicussed.
In this context, the origin of the sudden stratospheric viagnmn January 2006 will be discussed in some detail.
The paper closes with a discussion of results.

2 Methodology

The numerical experimentation carried out in this studyaisdal on a recent version of the ECMWF atmosphere
model (cycle 32R1 used operationally from 5 June to 5 Nover2b@7). All forecast experiments use a
horizontal resolution of 95 (linear Gaussian griegk 1.85° x 1.85°) and employ 60 levels in the vertical.
About half of the levels are located above the tropopausech and Simmonsl999 extending up to 0.1 hPa.
All experiments were carried out using observed lower bampdonditions (SST and sea ice). Aspects of the
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model’s performance are discussed elsewhéuad 2005 Jung et al.2009).

In order to understand the origin of the anomalously colde&viof 2005/06, a large number of seasonal forecast
experiments with and without relaxation have been carrigid Dhe experiment without relaxation constitutes
the control integration (CNT hereafter). The control imégpn is used to understand the rolf of SST and
sea ice anomalies. In the relaxation experiments the madafawn towards ERA-Interim reanalysis data
(Simmons et a).2007) during the course of the integration; this is achieved bgiragl an extra term of the
following form to the ECMWF model:

—A (X — Xref ). Q)

The model state vector is representedxbgnd the reference field towards which the model is drawn (ERA-
Interim reanalysis data) by,s. The strength of the relaxation is determined\by: a- Ag, wheremis a function

of longitude, latitude, height and the parameter beingidened and\g is a constant. The units dfare in (time
step)t. Unless stated otherwisy = 0.1hrs~* is used throughout the study. For a time step of one hour used
here a value of A hrs™! indicates that at each time step the model is ‘correctedig®&0% of the departure af
from Xef. In this study the parameters being relaxed include T and Inps. Notice, that Irps is notrelaxed for
stratospheric relaxation experiments. The referencesf{elgt) were obtained from the ERA-Interim reanalysis
and have been interpolated from their native resolution 56 to T 95 using a sophisticated horizontal
interpolation package used routinely within the ECMWF ¢mitged Forecasting System.

In order to allow for an effective localization, the relawatwas carried out in grid point space. When applying
masks to localize the relaxation, care has to be taken irr todeduce adverse effects close to the relaxation
boundaries. Here the transition from relaxed to non-relaegions in the horizontal is smoothed using the
hyperbolic tangent. The smoothing is such that the relaratoefficientA goes fromAg to zero within a 29
belt, both in longitude and latitude. Boundaries statedhéntext refer to the centre of the respectivé Belt.

In order to reduce the generation of spurious potentialcitrtfeatures, changes af are also smoothed in the
vertical. Here, the relaxation coefficient effectively gdem Ag to zero in a vertical layer encompassing about
13 model levels (see Tah.for actual values ok at various heights).

For each control and relaxation experiment a separateratitin run covering winters of the period 1990/91 to

Table 1: Summary of the main seasonal forecast experimsathin this study. Unless mentioned otherwdse, 0.1hrs ™1
is used throughout.

Experiment Relaxation Region

CNT no relaxation —

TROP 20S-20N, 0°-36C°E troposphere+stratosphere
TROP-T 20S-20N, 0°-36C°E troposphere

TROP-S 20S—20N, 0°—36(°E stratosphere
TROP-T/30-90E 26-20N, 0°—9C°E troposphere
TROP-T/150E-120W ZB-20N, 15CFE-120W troposphere
TROP-T/90W-0 20S-20FN, 9CPW-(° troposphere

NH 30°N-9C’N, 0°-36C°E troposphere+stratosphere
NH-S 20°N-9C°N, (°—36C°E stratosphere

* Actual strength of the relaxation at 500, 200, 50 and 20 hRpgsoximatelydg-0.999 Ag-1.8-1072, A¢- 8.3-
107" andAq-1.5-10"8 hrs 1, respectively.

T Actual strength of the relaxation at 500, 200, 50 and 20 hBppsoximatelyAg-1.1-107,Ag-2.3-10°%, Ay-
1.8-10"2 andAg-0.5 hrs%, respectively.
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2005/06 was carried out in order to obtain the model’s clotogty. These integrations were started at 12UTC
on 15 November. For the winter of 2005/06 a set of seasonahaie forecasts with and without relaxation was
carried out using a lagged approach. The ensembles wereatgthdy starting forecasts in 6-hourly intervals
from 12 UTC on 16 November to 12 UTC on 20 November 2005 givirtgtal of 17 ensemble members.
Throughout this paper ‘anomalies’ refer to departures efdhsemble mean or ensemble members from the
climate of the model obtained from the calibration run. A suamy of all seasonal forecast experiments along
with their abbreviations is given in Table

3 Reaults

3.1 Seasonal-mean diagnostics
3.1.1 Tropical versus stratospheric influences

Observed 2500 anomalies for the 2005/06 winter are showigur&?2 alongside corresponding anomalies for
the control experiment with observed SST/sea ice (CNT)ribygical relaxation experiment (TROP) and the
experiment with relaxation of the Northern Hemispheretssiighere (NH-S). Figurgb shows that prescribing
the observed SST/sea ice fields is not sufficient to reprothecebserved circulation anomalies in an esemble
mean sense, especially over North America, the North Adartd Europe. The Z500 response produced by
TROP is highly significant and resembles the negative phageecArctic Oscillation/North Atlantic Oscil-
lation (AO/NAO) (Thompson and Walla¢cd 998 Walker, 1924). The influence of the Northern Hemisphere
stratosphere, NH-S, on Northern Hemisphere Z500 anomislieeaker and different in terms of its spatial
structure compared to that from the tropics. The Northermidphere Z500 response for NH-S shows only
weak resemblance with the AO/NAO-like response expectettise from the ‘downward propagation’ of po-
lar vortex anomalies (e.d®aldwin and Dunkerton1999 Ambaum and Hoskin®2002 Jung and Barkmeijer
2006. Rather, NH-S locally leads to a significant anti-cycloniculation anomaly in the eastern North At-
lantic.

So far, the results suggest that primarily the tropical aala@s and secondarily the anomalously weak strato-
spheric polar vortex contributed to the tropospheric d¢ation anomalies observed during the 2005/06 winter.
Figure3 shows observed 50 hPa geopotential height (Z50) anomals&sshown are ensemble mean anomalies
for CNT and TROP. The Z50 anomalies produced by NH-S are \erifas to the observations (not shown).
CNT shows weak and non-significant Z50 anomalies suggesiaighe observed SST and sea ice anomalies
have contributed little to the anomalously weak stratosphmlar vortex. The ensemble mean for TROP, on
the other hand, produces a weakened stratospheric polaxyarith an anomaly which is stronger than ob-
served. As mentioned above, inspection of the individuakearble members (not shown) suggests that the
stratospheric response to a tropical forcing is consistétht the observations. These results highlight that the
anomalously weak stratospheric vortex during the 2005/0few might have actually been forced from the
tropics

3.1.2 Further exploring the tropical influence

Velocity potential anomalies at the 200 hPa level (heregftgo anomaly) are shown in Figur for ERA-
Interim, CNT and TROP. The control integration with obsen®ST and sea ice distribution captures the
anomalous convergent flow (positiyggp anomaly) in the central tropical Pacific associated withLthéNifa
conditions both in terms of the structure and size of the aignin other parts of the tropics, however, CNT
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Figure 2: Geopotential height anomalies at the 500 hPa I¢gehtour interval is 20 m) for the period 1 December 2005
to 28 February 2006: (a) ERA Interim, (b) CNT ensemble, (dpPRnsemble and (d) NH-S ensemble. Results in (b)—(d)
are based on ensemble mean data. Statistically signifidglatehces (at the 95% confidence level) in (b)—(d) are hedch

fails to reproduce the observgey anomalies. Given that CNT fails to reproduce the observéiDZhomalies
over the Northern Hemisphere (Figp), it can be concluded that La Nifia was not responsibletereixtrat-
ropical response suggesting that the cause of the anomalgopean 2005/06 winter lies outside the central
tropical Pacific region. The fact that TROP, which shows argjer and more realistic extratropical response,
captures the observegoo anomalies very well, shows that the tropical relaxationffigient in imposing the
observed tropical anomalies.

As mentioned in the Introduction, the 2005/06 winter waskedrby the easterly phase of the QBO. Consis-
tent with the observational study yolton and Tan(1980 the negative phase of the QBO during the winter
2005/06 is associated with an anomalously weak stratosppelar vortex (Fig.5a). Interestingly, CNT is

able to simulate the easterly phase of the QBO; CNT fails,dvew to produce the observed weakening of
the stratospheric polar vortex (Figh). A more detailed investigation reveals that CNT simddte observed

QBO structure by persisting the anomalous initial condgiohroughout the whole winter (not shown). Per-
sistence of QBO anomalies has been found in relatively lesolution versions of the ECMWF model before
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Figure 3: Geopotential height anomalies at the 50 hPa legehfour interval is 20 m) for the period 1 December 2005
to 28 February 2006: (a) ERA Interim, (b) CNT ensemble and’@pPP ensemble. Results in (b) and (c) are based on
ensemble mean data. Statistically significant differeifaethe 95% confidence level) in (b) and (c) are hatched.

(Brankovi€ et al. 1994). At the first glance the results for CNT suggest that the ¢telfan mechanism was
not crucial during the 2005/06 winter. However, it is wortbirging out (i) that the QBO in CNT weakens
throughout the 3-month period leaving it rather week by thé ef the winter when it might have mattered
most and (ii) that the error associated with the missing deavd propagation matters, especially by the end
of the winter 2005/06 (not shown). An alternative explamatis that the Holton-Tan mechanism does work in
CNT but is obscured by other signals of tropospheric origae(below).
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Figure 4: Velocity potential anomalies &s 1) at the 200hPa level for the period December—February 2005(a) ERA
Interim, (b) CNT and (c) TROP. Differences significant at3&6 confidence level are hatched (b and ¢ only).

After having established the crucial role of the tropics déaplaining the anomalous atmospheric circulation
over large parts of the Northern Hemisphere during the Z@%/inter, the question arises which region of
the tropical atmosphere contributed to the extratropiceding. First, the forcing associated with the tropical
tropospherds separated from that associated with the trogt@tosphere Such an approach seems physically
reasonable given that different processes are likely talgal for explaining the observed anomalies in these
two parts of the tropical atmosphere. This notion is furthguported by the fact that relaxation of the tropical
troposphere only (TROP-T) has a negligible impact on thgi¢ad stratosphere (in terms of zonal mean zonal
wind anomalies, not shown); similarly, relaxation of thepiical stratosphere (TROP-S) has a very small impact
on the tropical troposphere (in terms gl anomalies, not shown). FiguBeshows the extratropical response
for TROP-T and TROP-S in terms of Northern Hemisphere Z5@0vaiies. In the Euro-Atlantic region, the
tropical tropospheric influence is larger than that of tpittal stratosphere. Over the north-west North Pacific,
on the other hand, tropospheric and stratospheric inflgeseem comparable.

Whereas the QBO seems crucial for explaining the role of ithgidal stratosphere, the presence of multi-
ple anomalies in the tropical troposphere makes it morecdlffio indentify the relevant tropospheric physical
processes. In the following an attempt is made to pinpombtiigin of the extratropical circulation anomaly re-
gionally by relaxing different regions of the tropical tagphere. Here, the focus will be on three regions (com-
pare Fig.1): (i) the Indian ocean (3B-9C°E) and its associated anomaly (TROP-T/30-90E, hereafi®rthe
tropical Pacific (158E-120W) capturing the circulation anomaly associated with thélifea (TROP-T/150E—
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(a) Observed (b) CNT Ensemble
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Figure 5: Average zonal mean zonal wind anomalies (shading/is) for the period 1 December 2005 to 28 February
2006: (a) ERA Interim, (b) CNT, (c) TROP. Also shown is (ddifference between TROP and CNT. In (a) climatological
average zonal mean zonal wind anomalies from ERA-Interant@ur interval is 5 nis, negative values are dashed) are
superimposed. Statistically significant differenceslfat25% confidence level) in (b)—(d) are hatched.

120W) and (iii) South America, the tropical Atlantic and wers parts of tropical Africa (TROP-T/90W-0).
Figure7 shows Northern Hemisphere Z500 anomalies for the thregatide experiments. Relaxing the tropi-
cal atmosphere over the Indian ocean clearly fails to emples extratropical Z500 anomalies (compare Fégs.
and7a). Relaxing the troposphere over the tropical Pacific captsome of the anomalies produced by TROP-
T, especially in the North Pacific region. It is necessaryyénr, to relax the tropical troposphere between
90°W and the Greenwich Meridian in order to reproduce a Z500ames@ in the Euro-Atlantic region which
similar to that foounf for TROP-T (Fig&a and7c).

It is worth pointing out that the experiments with spatiatdbzation in the tropical troposphere have to be
interpreted carefully. This is because relaxation in aadenegion of the tropical troposphere is likely to have
an indirect effect on other tropical regions as well. Thipasticularly true for seasonal integration in which
the atmosphere has time to adjust to the forcing applied byiog out the relaxation.

3.1.3 Extratropical forcing of tropical anomalies
So far, the focus has been on tropical-to-extratropicarattions. In order to correctly assess cause and effect

it is crucial to study possible extratropical-to-tropiéateractions as well. In fact, it is well-known that the
the tropics respond to an extratropical forcing (&gadis and Weickmann1992 Hoskins and Yang200Q
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(a) TROP-T Ensemble

Figure 6: Geopotential height anomalies at the 500 hPa I¢gehtour interval is 20 m) for the period 1 December 2005
to 28 February 2006: (a) TROP-T and (b) TROP-S. Results asedb@n ensemble mean data. Statistically significant
differences (at the 95% confidence level) in (b)—(d) are liedc

Jung and Palme2009. The experiment in which the whole Northern Hemispheregmof 3°N, NH, is
relaxed towards reanalysis data is designed to study alp@ssitratropical forcing of the observed tropical
anonmalies. NH produces tropical anomalies both in theosphere and stratosphere that are very similar to
those found in CNT (not shown). This suggests that the egfatal forcing of tropical anomalies during the
2005/06 winter, if existent, was relatively weak comparethwopical-to-extratropical interactions.

3.1.4 Sensitivity Experiments

As mentioned in the Methods section, the tropical relaxaggperiment, TROP, has its northern relaxation
boundary at 20(with a transition zone covering 20@n either side). Synoptic studies of the sudden stratogpher
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(a) TROP-T Ensemble (30-90E)

Figure 7: Geopotential height anomalies at the 500 hPa Iémehtour interval is 20 m) for the period 1 December 2005 to
28 February 2006: (a) TROP-T/30-90E, (b) TROP-T/150E-128WMc) TROP-T/90W-0. Results are based on ensemble
mean data. Statistically significant differences (at th&e3nfidence level) in (b)—(d) are hatched.

warming (SSW) in January 2006 show that tropospheric psecwraves in the North Atlantic extended partly
into the subtropicsGoy et al, 2009 Nishii et al, 2009. In order to ascertain that the origin of the anomalous
circulation in the Euro-Atlantic region is truly afopical origin another tropical relaxation experiment has been
carried out in which the relaxation boundaries have beenadh@guatorward to 2& and 16N, respectively.
The same latitudinal smoothing is applied as in the otheeexpents. Restricting the tropical relaxation to the
tropical belt 16S—10N yields a very similar Z500 response to TROP over the Nortlitmisphere (compare
Figs.2c and8a) confirming the importance of the tropics.
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(a) TROP Ensemble

AN

Figure 8: As in Fig.2, but for (a) tropical relaxation in the belt Z8—16N (A = 0.1 hrs1) and (b) tropical relaxation
with A = 0.01hrs™1 (20°S—20N).

The choice of the relaxation coefficiemo(= 0.1hrs™! in this study) is somewhat arbitrary. Therefore, it is
important the test whether the conclusions of this studyeddpon the exact choice df. Figure8b shows
Z500 anomalies for a tropical relaxation experiment@@CN) with A = 0.01hrs™1. Evidently, neither the
spatial structure nor the magnitude of the Z500 respongeoisggy affected by the exact choice &f (compare
Figs.2c and8b).

One might argue that some of the results presented in thdy stay depend on the model used to carry out the
experiments. In order to address this issue the two expats@@NT and TROP have been repeated using the
more recent model version 33R1, which has been used opmtyi@at ECMWF from 3 June to 29 September
2008. Compared with model version 32R1, on which most of #peementation presented in this study is
based, model version 33R1 comprises substantial changéaast every part of the ECMWF physics package
(Bechtold et al.2008 Jung et al.2009. Figure9 shows Northern Hemisphere Z500 anomalies for CNT and
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Figure 9: As in Fig.2, but for the more recent ECMWF model version 33R1.

TROP based on ECMWF model version 33R1. The results are werijasto the ones obtained with the
older model version (Figzb,c) showing that the conclusions of this study are not gu&hsitive to the model

formulation employed.

3.2 Intraseasonal evolution

So far, the focus has been on seasonal-mean fields for theewdioter. The 2005/06 winter was marked,
however, by large intraseasonal changes particularly énNbrthern Hemisphere stratosphendishii et al.
(2009, for example, pointed out that the zonal-mean polar nightvieakened gradually from late December
and then rapidly became easterly at the end of January. foheréaking the seasonal evolution of circulation
anomalies into account rather than focussing solely orosehsnean anomalies should help to illuminate what
happened during the 2005/06 winter.
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Figure 10: Time series of area averaged (709900-36GW) 50 hPa geopotential height anomalies for the period 1
December 2005 to 28 February 2006: ERA Interim (black), CNIlig), TROP (red), TROP-T (green) and TROP-S
(purple). Results for the forecast experiments are basezheaemble mean data.

The observed temporal evolution of the strength of the adpdteric polar vortex during the 2005/06 winter
can be inferred from Figurg0 (black). Here the strength of the stratospheric polar xodelefined by area-
averaged Z50 anomalies north of°RD The control integration, CNT, shows some interestingasgasonal
variability: The first half of the winter is marked by an andmssly weak vortex in agreement with the obser-
vations; during the second half, however, the stratosplparfiar vortex in CNT gradually intensifies rather than
weakens as shown by the observations. The experiment TR&@® shgradual increase of the strength of the
polar vortex throughout the winter. Inspection of the indiaal ensemble members (not shown) for TROP (also
TROP-T and TROP-S) reveals that the observations lie withenensebmle throughout the whole winter; in
contrast, the CNT ensembile clearly fails to capture therohtien towards the end of the winter (not shown).

As mentioned above the 2005/06 winter was marked by straiglation anomalies in both the tropical tro-
posphere (e.g., La Nifia) and the tropical stratosphergtdeda phase of the QBO). In order to disentangle
the response to tropical tropospheric forcing from trojpgteatospheric forcings the temporal evolution of the
stength of the stratospheric polar vortex is consideredrs¢gly for TROP-T and TROP-S. During the first half
of the 2005/06 winter both TROP-T and TROP-S show a modgratebk stratospheric polar vortex (Figure
10). For TROP-S the stratospheric polar vortex remains maeelgraveak throughout the second half of the
winter; for TROP-T, on the other hand, the stratospheriapebrtex further weakens during the second half
of the winter due to an increased frequency of occurrenceatbspheric warmings (not shown). In summary,
observed anomalies in the tropicdfatospherded to a more or less constant weakening of moderate strength
through the winter. Observed anomalies in the tropicgdospherehowever, have to be considered in order to
explain the stratospheric warming that occurred in JanRa6ég.
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(a) Observed (b) CNT Ensemble

Figure 11: Same as in Fi@, but for the sub-period 1 December 2005 to 15 January 2006.

From the temporal evolution of the strength of the stratesphpolar vortex shown in Figur&0 it seems
reasonable, for diagnostic purposes, to divide the 200Bi0&r into two parts, one representing early winter (1
December 2005 to 15 January 2006) and the other late wirietafduary to 28 February 2006). A comparison
of the observed Z500 anomalies over the Northern Hemispgietieeen early and late winter shows marked
differences between the North Pacific and the rest of thehdantHemisphere (Figd.1a and12a). For the
former the observed Z500 anomalies changed sign from ealite winter; and for the latter the tropospheric
circulation was rather persistent. Interestingly, theersal of the anomalies in the North Pacific are captured
by all experiments including CNT. In order to get a realistpresentation of the strong persistence of the
Z500 anomalies in the Euro-Atlantic region, on the otherdhdris necessary to relax the tropical atmosphere
(Figs.11and12). Perhaps not too surprisingly, the tropospheric responee Euro-Atlantic region in NH-S

is most pronounced during late winter when the stratosploigulation was most anomalous.

As mentioned in the Introduction, La Nifia conditions piiacin the eastern tropical Pacific during the 2005/06
winter. The typical extratropical atmospheric reponsedold SST anomlies in the central and eastern tropical
Pacific, resembling the negative phase of the Pacific Nortleaa (PNA) pattern, can be found only during
late winter (Fig.12). The atmospheric La Nifia response is especially cleaClf and NH-S. For TROP the
atmospheric La Nifla response is somewhat obscured by ésemre of other circulation anomalies over the
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(a) Observed (b) CNT Ensemble

/

Figure 12: Same as in Fi@®, but for the sub-period 16 January to 28 February 2006.

Northern Hemisphere.

The negative PNA response in late winter in CNT could explaity the strength of the stratospheric polar
vortexincreasesn CNT during the second half of the 2005/06 winter. In facdi diagnosis of observational
data it has been found that La Nifia-type conditions arecé®nl with a strengthened stratospheric polar
vortex (see Fig. 17 iBronnimann 2007). One possible explanation is that the negative phase oP k&
leads to a reduction of the stationary planetary wave aotditand, therefore, to a reduced slow-down of the
stratospheric polar vortex through the reduced breakingtaifonary planetary waves of tropospheric origin
(Taguchi and Hartmanr2006).

To test the idea of a negative correlation between ENSQe@l8ST anomalies in the tropical Pacific and the
strength of the stratospheric polar vortex more specifidalt the ECMWF model, seasonal forecast experi-
ments with the ECMWF model and La Nifia-type diabatic fogdime experiments described@reatbatch and Jung
(2007 were diagnosed in more detail. Indeed it is found that a ifeaNype diabatic forcing applied to the
ECMWEF model leads to a strengthening of the stratosphetar portex (not shown).
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4 Discussion

Numerical experiments with the ECMWF model have been ahwig in order to understand the origin of the
atmospheric circulation anomaly that led to the anomajocsid European winter of 2005/06. In contrast with
most other previous studies, which explain observed atheygpcirculation anomalies primarily in terms of
SST anomalies in the extratropical North Atlantizr@ham et a).2006 Folland et al.2006 Scaife and Knight
2008 Croci-Maspoli and Davie009), the relaxation experiments presented in this study lgiééghlight the
important role of the tropical atmosphere. Further experitation suggests that the largest forcing came from
the tropical troposphere in the region®®@-3C°E. Interestingly, this area doe®t cover the apparently most
prominent tropical anomalies in the Indian ocean and theraleRacific. The easterly phase of the QBO
also contributed to the observed circulation anomaliege@ally in the Northern Hemisphere stratosphere.
Scaife and Knigh{2008 suggest that the January 2006 sudden stratospheric waimlikely to have con-
tributed to the colder 2005/06 winter. While it cannot beleded that the stratosphere might have increased
the persistence of the cold spell, the results of this studygasst that the origin of the sudden stratospheric
warming in January lies in the tropics; hence the stratagpivas not a primary cause for the cold winter.

Dynamical and statistical seasonal forecasts for the P@0®inter were relatively skilful. Previous studies
have explained this relatively high level of skill in termfd\orth Atlantic SST anomalies3raham et a).2006
Folland et al, 2006 Scaife and Knight2008. The results of this study provide an alternative perspectood
tropical forecasts, both for the stratosphere and especially tipesphere, were needed for accurate seasonal
predictions.

As mentioned in the Introduction, most of the observed atiemaf the tropical troposphere can be explained
by the underlying SST anomalies (Fi). Positive (negative) SST anomalies are accompanied hyceed
(increased) OLR and anomalously strong (weak) divergetftosuat the upper troposphere. If the tropical
troposphere was crucial in explaining the anomalously &ldopean winter, and the tropical tropospheric
circulation anomalies were the response to SST anomafies,the question arises as to why the control in-
tegration, with specified observed SST anomalies, failsréolyce the observed extratropical response. The
control integration does not provide an accurate forecasatse it fails to show a realistic tropospheric re-
sponse in that part of the tropics that mattered (South Asagtiopical Atlantic and West Africa, Fig). One
possible explanation is that the ECMWF model fails to resp@alistically to the imposed SST anomalies. An
alternative explanation is thitnd rather than sea surface anomalies mattered—and the lafadesgonditions
were not prescribed in the control integration. In fact,l#figesty,oo anomalies in the tropical area®-3CFE

are found over land (Figle). This conjecture could be tested in a future study by @agrgut experiments
with relaxation of land-surface parameters (&guville, 2003. Diagnosing the realism of the response of the
ECMWF model to SST anomalies is another important challéhagteis left for future study.

For the results presented in this study we argue that theatégdem method is an important diagnostic technique

which helps to understand possible ‘remote origins’ of seasmean anomalies. Unlike in prescribed SST

experiments, where the atmospheric response has to beasgthldy the atmospheric model and, hence, is
prone to model uncertainty, the relaxation technique ¢aptany SST-forced atmospheric response explicitly.

The same technique has been applied to other prominenttelmm@malies such as the European heat wave in
summer 2003, the results of which will be reported in a fasthing paper.

AcknowledgemenDx. Hervée Douville provided useful comments on an earliension of the manuscript.
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