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ABSTRACT

In this article a method is introduced that can be used tontisg possible remote origins of forecast error and
circulation anomalies. This is achieved by relaxing the eldowards (re-)analysis data in certain regions during
the course of the integration and, thereby, suppressingegbelopment of forecast error. The method is illustrated
for two different applications. Firstly, experiments aegried out to study the influence that a correct representa-
tion of the tropical atmosphere and the Northern Hemispsieatosphere would have on extended-range forecast
skill of the extratropical Northern Hemisphere troposgduring boreal winter. Secondly, the origin of the atmo-
spheric circulation anomalies, that led to the unusuallg &uropean winter of 2005/06, is studied. Finally, the
relaxation approach is tested compared to a more sophéedid®-Var data assimilation approach.

1 Introduction

Despite substantial improvements in model formulatioria @essimilation systems and observing sys-
tems, forecasts are still prone to failures. This is paldidy true for extended-range forecasts (beyond
10 days) of the extratropical flow, which have moderate sitithe best of times. Apart from being of

scientific interest, understanding in which regions fos¢é@aror originates is a first step towards future
forecasting system improvements. If it would turn out, feample, that extended-range preditive skill
in the extratropics is primarily limited by model error inethropics then future model development
should focus on exactly this region.

Here it is shown that a relaxation technique (also sometitaied nudging) can be used to diagnose
possible ‘remote’ origins of forecast error. In this diagtio technique the model’s prognostic fields are
relaxed towards analysis data in certain parts of the globi@gl the course of the ‘forecast’. In this way

it is possible to suppress artificially the development oééast errors in certain regions of the globe
such as the tropics and study possible impacts on predakilten remote regions such as the Northern
Hemisphere.

The relaxation technique is a well-established technigubé atmospheric sciences. It has been used,
for example, in data assimilation (see Kalnay, 2003, for wndew), for determining corrections to
empirically reduce model deficiencies (Kaas et al., 19@8)dfnamical downscaling (von Storch et al.,
2000), for better understanding planetary wave—synop#eeninteractions in the atmosphere (Straus
and Yi, 1998), and for validation of a synoptic system in am@dpheric circulation model (Bauer
et al., 2008). The approach employed in this study is verylaino the method used at ECMWF in
the 1980s in order to understand the origimmédium-rangdorecast error in the northern hemisphere
extratropics (Haseler, 1982; Klinker, 1990; Ferranti et 4890). It has been decided to revive the
relaxation technique at ECMWF as a diagnostic tool for thiewng reasons:

e The relaxation technique could also be used to understaedédst error in the extended-range,
addressing the monthly and seasonal forecasting problem.
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e The availability of larger computer resources allows digaint increases in sample size and there-
fore robustness of the results compared to previous studies

e The availability of more realistic analysis data, partéiy in the tropics, makes the relaxation
technique much more effective.

In the following it will also be shown that the relaxation b@égue can help us to understand possible
‘remote’ origins of extratropical atmospheric circulatianomalies. It is well-known that persistent
large-scale extratropical circulation anomalies suchhasMorth Atlantic Oscillation (NAO) have a
profound impact on the climate of populated areas such agpeuand North America (e.g. van Loon
and Rogers, 1978; Hurrell, 1995). Attempts have therefeenbmade to understand the mechanisms
that drive extratropical atmospheric circulation anoemslilt is now widely accepted that a large part of
the extratropical variability in the North Atlantic regiés governed by internal atmospheric processes
(e.g. Kushnir et al., 2002; Rowell, 1996), especially onsseal and interannual time scales. This
suggests that predictability of such anomalies is limitec tfew weeks. There is observational and
modelling evidence, however, that the atmosphere in théhMgdtantic region is also affected (i) locally
by North Atlantic sea surface temperature (SST) anomadigsGzaja and Frankignoul, 1999; Rodwell
and Folland, 2002; Rodwell et al., 1999; Latif et al., 20009 &i) remotely by tropical SST anomalies
via atmospheric teleconnections (e.g. Fraedrich, 199datBatch and Jung, 2007). Furthermore, it has
been suggested that the Northern Hemisphere stratosplagrprovide some additional memory which
could result in some useful monthly and seasonal forecalst(slg. Baldwin et al., 2003; Scaife and
Knight, 2008). However, the relative impact of the Northahkilic, the tropics and the extratropical
stratosphere has yet to be assessed.

The paper is organized as follows. In section 2, the relaratechnique will be described in some
detail. In section 3, the relaxation technique is appliedttaly possible remote origins of medium-
range and especially extended-range forecast error. hWioseg results from the relaxation method
are compared with results obtain by using 4D-Var data akstion with assimilation of data confined

to certain regions. This is followed by an investigation ¢ pphysical mechanisms giving rise to the
anomalously cold European winter 2005/06.

2 Relaxation formulation

The basic idea behind the relaxation technique is to ‘alfic suppress the development of forecast
error in certain regions by a adding an extra term of the ¥atg form to the ECMWF:

—A (X — Xret).- (1)

The model state vector is representedxbgnd the reference field towards which the model is drawn
by Xier. In this study, X represent analysis data, that is, our best estimate of tieestate of the
atmosphere. The strength of the relaxation is determined-bw- Ag, whereais a function of longitude,
latitude, height and the parameter being consideredAgrid a constant. The units df are in (time
step) . Unless stated otherwisk = 0.1hrs™! is used throughout the study. For a time step of one
hour used here a value oflhrs~! indicates that at each time step the model tendency is ciae
using 10% of the departure mffrom X;. In this study the parameters being relaxed include T and

In ps. Notice, that Ims is not relaxed for stratospheric relaxation experiments. Thewlk reference
fields (re) were obtained from different analysis and reanalysis,datpectively. They were linearly
interpolated in time to 1-hourly values (time step of the elpd Spatial interpolation, if necessary,
was accomplished by using a sophisticated horizontalpotation package used routinely within the
ECMWEF Integrated Forecasting System.
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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 bentétk order to reduce adverse effects close
to the relaxation boundaries. Here the transition fromxedato non-relaxed regions in the horizontal
is smoothed using the hyperbolic tangent. The smoothingdk that the relaxation coefficieAtgoes
from Aq to zero within a 20 belt, both in longitude and latitude (see Jung et al., 201ty Fig. 1).
Boundaries stated in the text refer to the centre of the odispe2@® belt. In order to reduce the gener-
ation of spurious potential vorticity features, changed @re also smoothed in the vertical (see Jung
et al., 2010b, their Fig. 2).

3 Medium-range and extended-range forecast error

Despite substantial improvements in model formulatioria desimilation systems and observing sys-
tems, forecasts are still prone to failures. This is paldidy true for extended-range forecasts (beyond
10 days) of the extratropical flow, which have moderate skithe best of times. Apart from being of
scientific interest, understanding the origin of forecastrds a first step towards future forecasting sys-
tem improvements. One important piece of information isahgin of forecast error. If extended-range
predictability in the extratropics is primarily limited kyodel error in the tropics then future model
development should focus on exactly this region.

In this section the relaxation technique is employed tovestit how much of the extratropical forecast
errorin extended-range (11-30 days) integrations origghvtom parts of the climate system with (po-
tentially) enhanced extended-range predictability (Bajdwin et al., 2003; Shukla, 1998): the lower
bounday conditions, the tropical atmosphere and the sphtoe.

3.1 Experimental setup

To investigate the origin of extratropical forecast erroridg boreal winter a large set of 30-day control
and relaxation experiments has been carried out using negdiel 32r1 (used operationally at ECMWF
from 5 June-5 November 2007) at a resolution 199 (about 125 km) and with 60 vertical levels
(TL159L60). For each of the experiments a total of 88 30-daychsts were carried out. Forecasts were
started on the 15 of the months November, December, January and Februargafdr of the winters
from 1980/81 to 2001/02. Initial conditions were taken fr&RA-40 reanalysis data. If not stated
otherwise, sea surface temperature (SST) and sea ice fieldgspersisted throughout the forecast. An
additional control integration with observed SST and sedialds from ERA-40 was also carried out in
order to quantify the influence that ‘knowledge’ of the lovibmrundary conditions has on atmospheric
forecast skill.

Forecast experiments with relaxation of the following oegi towards ERA-40 reanalysis data have
been carried out:

whole tropical atmosphere (TROP),

tropical stratosphere (TROP-S),

tropical troposphere (TROP-T),

Northern Hemisphere stratosphere (NH-S), and
e Northern Hemisphere troposphere (NH-T).
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Figure 1: Mean absolute error (m3) of 5-day averaged forecasts of zonal wind at (a) 250 hPa
and (b) 50 hPa. Results are shown for the control forecadt pérsisted (solid, stream function
at 200 hPa in the tropics (B&-10N) for control forecast with persisted (CNT/PER-SST) and ob
served (CNT/OBS-SST) SSTs as well as for experiments leittioa towards ERA-40 reanalysis
data in the tropics (TROP/0.1), the tropical stratosphef®QP-S/0.1), the Northern Hemisphere
troposphere (NH-T/0.1) and the Northern Hemisphere sgpit@re (NH-S/0.1).

Additional sensitivity experiments were carried out todstigate the relative importance of different
tropical regions and to study the sensitivity to the strbraftthe relaxation. Further details are given in
Jung et al. (2010b).

3.2 Tropical forecast error

Figure 1 shows mean absolute forecast error of 5-day awtrageal wind at the 250 hPa (tropical
troposphere) and 50 hPa level (tropical stratosphere). coh&ol integration (CNT/PER-SST) shows
increasing forecast error in the tropical troposphereutihout the 30-day forecast period suggesting
that current forecasting systems possess some useful inémthcast skill (see also Vitart, 2004). In
the tropical stratosphere there is no evidence for saturati forecast error throughout the first 30 days
suggesting a relatively high level of extended-range ptedi skill.

Prescribing rather than persisting SST fields throughaaiinttegration (CNT/OBS-SST) reduces fore-
cast error of the tropical troposhere slightly in the extmhdange; in the medium-range better ‘knowl-

174 Seminar on Diagnosis of Forecasting and Data Assimiléystems, 7—10 September 2009



JUNG T. AND M.J. RODWELL: DIAGNOSIS OFFORECASTERROR AND CIRCULATION ANOMALIES

edge’ of SST has no impact on forecast skill (Fig. 1a). Notdoprisingly, the influence of the lower
boundary conditions has a rather small effect on tropicatasphere.

The experiment with relaxation of the whole tropical atnfeme (TROP/0.1) shows that the relaxation
is efficient in reducing forecast error in both the troposgphend the stratosphere. Throughout the 30-
day forecasts, forecast error of zonal wind at 250 and 50 Pkegt significantly below the level seen
in the short-range and early medium-range (5-day average B+1 to D+5).

The influence of the Northern Hemisphere (NH-S/0.1) and@albe the tropical stratosphere (TROP-
S/0.1) on tropical zonal winds at 250 hPa is relatively sitf@ly. 1a). The largest ‘non-local’ influence
comes from the Northern Hemisphere extratopics, whosedtipdelt throughout the whole forecast.
This finding is consistent with the notion that extratropfoacing can influence tropical convection and
equatorial waves (Kiladis and Weickmann, 1992; Hoskins amtp, 2000).

Tropical zonal winds at the 50 hPa level (Fig. 1b) are clearfluenced by a better representation
of the tropical troposphere. This is expected given thatityravaves and equatorial planetary-scale
(Kelvin and Rossby) waves tend to propagate from the trdsgesinto the stratosphere (e.g., Baldwin
et al., 2001; Ern et al., 2007). The tropical stratospheneotsonly influenced from below; both the
extratropical troposphere and stratosphere have someirapahe tropical stratosphere.

3.3 Extratropical forecast error

Figure 2 shows mean absolute forecast error of 5-day avéregatropical Northern Hemisphére
geopotential height fields at the 500 hPa level (2500, htgafor various experiments. The control
integrations with persisted and observed SST/sea ice fi€N3/PER-SST and CNT/OBS-SST) show
that it takes about 30 days for forecast error to saturatetlamidknowledge of the lower boundary
conditions increases the skill in the extended-range tigRigure 2a); in the short-range and medium-
range, on the other hand, using observed rather than pet$ister boundary conditions provides little,
if any, benefit (see also Jung and Vitart, 2006).

Relaxing the tropics (TROP/0.1) and the Northern Hemisplstratosphere (NH-S/0.1) both lead to
a noteworthy reduction in Z500 forecast error over the NammilHemisphere (Figure 2a). In relative
terms the forecast error reduction is largest in the extmdege (beyond D+10), where it amounts to
about 10-20% of the forecast error of the control integrefios TROP/1.0 and NH-S/1.0. The ‘delayed’
positive impact of the tropical and stratospheric relawitan be explained by the fact that forecasts
are still quite successful in the short-range and mediumyegwhere the relaxation has little work to
do). Furthermore, it can be expected to take a few days fositral (i.e. forecast error reduction) to
‘propagate’ from the tropics and the stratosphere, resdygtinto the northern hemisphere troposphere
(e.g. Hoskins and Ambrizzi, 1993; Baldwin and Dunkertorf9;2Jung and Barkmeijer, 2006).

The sensitivity of the results to the strength of the reli@xafi.e., the choice ok in Egn. 1) for TROP
and NH-S can be inferred from Figure 2 b and c, respectivaly.tite relaxation time scales considered
here (1, 10 and 50 hours) the tropical relaxation appear® tess sensitive to the choice »f One
way to interpret this result is that the reduction of Northelemisphere Z500 error is due to relatively
persistent and large-scale rather than fast and sma#-sogpical features. For NH-S, the forecast
error reduction for Z500 appears to be relatively more $@asio A. One possible way of explaining
the fact that a relatively strong relaxation is requiredtfer Northern Hemisphere stratosphere is that
stratospheric motions are strongly governed by the unidertlyoposphere (see below for more details).

As shown above, relaxation of the tropical atmosphere l&adsduced forecast error over the Northern
Hemisphere. How much of this improvement originates in theital troposphere and how much in

IHere the Northern Hemisphere encompasses only the regitim @io4(°N in order to stay well clear of the relaxation
zone used in experiment TROP/0.1
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Figure 2: Mean absolute error (m) of 5-day averaged foresasit 500 hPa geopotential height
fields over the Northern Hemisphere (north oPM: (a) control forecast with persisted and ob-
served SSTs as well as for experiments with relaxation afdipécs (TROP/0.1) and the Northern
Hemisphere stratosphere (NH-S/0.1) towards ERA-40 rgaistiata. (b) as in (a), but for different
tropical relaxation experiments (TROP/0.02, TROP/0.1 aRDP/1.0). (c) as in (a), but for dif-
ferent experiments with relaxation of the Northern Hemésplstratosphere (NH-S/0.02, NH-S/0.1,
and NH-S/1.0)

the tropical stratosphere? In order to answer this quesdidditional relaxation experiments have been
carried out with relaxation of the tropical troposphere OHRT/0.1) and tropical stratosphere (TROP-
S/0.1) only. Results from these experiments clearly shat ithis primarily the tropicakroposphere
which influences the tropospheric flow over the Northern Hpinére (Fig. 2d).

How the relaxation towards ERA-40 in different regions irfiaes the predictability of thetratospheric
circulation (in terms of geopotential height at 50 hPa, Zefehfter) over the Northern Hemisphere can
be inferred from Fig. 3. The forecast error of the controkgration saturates much later at 50 hPa
than it does at 500 hPa. This highlights the relatively higtel of extended-range predictability of the
Northern Hemisphere stratosphere. The tropics have softaerice on the stratospheric circulation,
especially beyond D+15 or so. Not too surprisingly, relgxine stratosphere towards ERA-40 reduces
Z50 forecast error over the Northern Hemisphere substntinterestingly, however, relaxing the
extratropicaltropospherehas a similar influence, at least for valuesiofmuch smaller than 1.0. These
results are a reminder of the strong troposheric forcingneMorthern Hemisphere stratosphere during
boreal winter.

So far, the focus has been on Z500 forecast error for theteogpieal Northern Hemisphere as a whole.
Itis likely, however, that the Z500 response over the Narthdemisphere described above shows some
interesting spatial structure. Regional influences of hoasgribing rather than persisting the lower
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Figure 3: Mean absolute error (m) of 5-day averaged foresagt50 hPa geopotential height fields
over the Northern Hemisphere (north of°80 for control forecast with persisted SSTs (CNT/PER-
SST) and experiments with the tropics (TROP/0.1), the aarthemisphere stratosphere (NH-S/0.1
and NH-S/1.0) and the northern hemisphere troposphere INHE and NH-T/1.0) relaxed towards
ERA-40 reanalysis data.

boundary conditions affects Northern Hemisphere Z500csteerror can be inferred from Figure 4d—f.
Perfect knowledge of the observed SST/sea ice fields hasitv@asipact primarily in the extended-

range over the North Pacific and over North America. The irhpaer the North Atlantic and Europe,

on the other hand, is rather small (and not significant) thinout the first 30 days of the forecast.

Not too surprisingly, the tropical relaxation experimerROP/0.1 (Fig. 4g—i), leads to substantial fore-
cast error reduction in the northern hemisphere subtrpftiesis, close to the relaxation region. The fact
that the forecast error reduction with tropical relaxatampears to be largely ‘confined’ to the subtrop-
ics in certain regions such as south-east Asia might be iegulay the presence of strong subtropical
wave guides (e.g. Branstator, 2002) which convey the erisrggnal rather than meridional direction.
There is also a clear positive impact of a correct repretientaf the tropics in certain regions of the
Northern Hemisphermid-latitudessuch as the eastern North Pacific, the North American carttened
the central North Atlantic. This is true from the medium-ganwell into the extended-range. In the
Euro-Atlantic region the Z500 forecast error reductionaigést in the eastern North Atlantic. This is
an area which is known for the frequent occurrence of persisidges (‘blocking’) and troughs, both
which tend to produce high-impact weather over Western [iif@.g. UK floods in autumn 2000).
North America is the other populated area in the Northern idehere mid-latitudes which benefits
from improved forecasts of the tropical troposphere.

In the medium-range and extended-range, the stratosptedaixation experiment leads to the largest
forecast error reduction in high latitudes (Fig. 4j—l). §is consistent with the tropospheric response
found in the ECMWF model as a result of changes in the streafjthe stratospheric polar vortex
(Jung and Barkmeijer, 2006). Interestingly, Europe andheon parts of North America are also key-
beneficiaries of a better representation of the stratogphiculation, both in the medium-range and
extended-range.

It is worth mentioning that thepatial structureof the response is much less sensitive to the exact choice
of A than is themagnitude(not shown).
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Figure 4: (a)—(c) Mean absolute forecast error of 500 hPa giential height field (in metres) for
the control integration with persisted SSTs (CNT/PER-S@i)}(f) Difference in mean absolute
forecast error for Z500 between the control intregrationttwbbserved (CNT/OBS-SST) and per-
sisted (CNT/PER-SST) SSTs. (g)—(i) as for (d)—(f), butHerdifferenced between TROP/0.1 and
CNT/PER-SST. (j)—(I) as for (d)—(f), but for the differetidmtween NH-S/0.1 and CNT/PER-SST.
Results are shown for 5-day averaged data: D+6 to D+10 (J&ft)16 to D+20 (middle) and D+26

to D+30 (right). Differences significant at the 95% confidetevel (two-sided t-test) are hatched.

The same experiments deascribed above were repeated forddygendentperiod 1958-1981 (not
shown). In general the conclusions remain unchanged, ekmep small reduction of the tropical and
stratospheric impact on Z500 forecast error over North AcaerThis may at least partly be explained
by the slightly poorer quality of the ERA-40 reanalysis dgrthe pre-satellite era (Uppala et al., 2005).

3.4 Summary and discussion

The origin of extended-range forecast error has been stwdi the ECMWF model by carrying out
relaxation experiments. By spatially confining the reltoit is possible to study theemoteimpact
of forecast error reduction in certain regions. The focuthisf study has been on the influence that the
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tropics and the Northern Hemisphere stratosphere havetended-range forecast skill of the Northern
Hemisphere circulation. Emphasis has been put on the rdhledfopics since it is widely believed that

extended-range predictions of the extratopical atmogpbenefit from better forecasts of the MJO (e.g.
Ferranti et al., 1990; Jones et al., 2004; Moncrieff et @107); the influence of the Northern Hemisphere
stratosphere has been studied in more detail in order tastade the role that anomalies in the strength
of the stratospheric polar vortex and their ‘downward pgaten’ into the the troposphere (Baldwin and
Dunkerton, 2001; Baldwin et al., 2003) have on extendedeadorecast skill.

Our results show that a reduction of forecast error in thpited troposphere has a beneficial impact
on extended-range forecast skill over the Northern Heneisph In terms of populated areas this is
especially true for North America and Western Europe.

The relaxation experiments presented in this subsectiorn waaried out in order to guide future fore-
casting system development. The tropical relaxation éxpts, for example, provide some idea how
much forecast skill, if any, could be gained by reducing éast error in tropics (e.g., by a better rep-
resentation of physical processes). Our results suggatstetuced tropical forecast error is unlikely
to increase extended-range skill in predicting the Northéemisphere tropospheric circulation beyond
the current skill in the range from D+11-D+15 (Fig. 2a). Metihowever, that there a large regional
variations. These estimates have to be seen as myiienisticgiven that in these experiments tropical
forecast error is reduced to levels unlikely to be achievethé future.

Stratospheric relaxation experiments show that reduaeddst error in the Northern Hemisphere strato-
sphere leads to reduced forecast error in the troposphéwe.b€hese results are consistent with pre-
vious modeling studies in which a relatively strong trogemic response has been found to imposed
stratospheric perturbations (e.g. Boville, 1984; Charttbal., 2004; Jung and Barkmeijer, 2006). How-
ever, the stratospheric relaxation experiments are vdfigudt to interpret in terms of the implied gain
in tropospheric predictability. This is because troposigheelaxation is as efficient in reducing strato-
spheric forecast error as is direct stratospheric relamatiighlighting the strong influence of the tro-
posphere on the Northern Hemisphere stratospheric dudrepbwinter (see also, e.g., Martius et al.,
2009). A very illuminating discussion of difficulties in grpreting numerical experiments, in which a
strongly forced component of the coupled system is artificjarescribed, is given by Bretherton and
Battisti (2000) for the atmosphere-ocean system

Our conclusions are very similar to that from the study by New and Sardeshmukh (2008) using a
completely different approach by diagnosing linear ingemsodels fitted to observational data. They
find that tropical influences are generally larger than agatteric influences in terms of predictability

of the extratropical troposphere during boreal winter.

4 Testing therelaxation approach using 4D-Var data assimilation

One of the potential weaknesses of the tropical relaxatuperments is the presence of the transition
zones in which the strength of the relaxaton coefficient geanlt could be argued, for example, that the
presence of the transition zone leads to spurious refleofiertratropical Rossby waves. Furthermore,
imbalances may occur within and close to the transition gone

It order to reduce possible problems associated with inmoai@, here we test the relaxation approcah
by comparing it with results from experiments with the ECMWB-Var data assimilation system in
which observervation are assimilated in the tropics only.

2The atmosphere and ocean in their study correspond to thesipbere and stratosphere, respectively, discussed here.
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4.1 Experimental setup

For the purpose of testing the relaxation approch the ECMit#grated Forecast System (IFS) is used
at a horizontal resolution of .59 with 91 levels in the vertical. All experimentation issked on version
33R1, which was used operationally at ECMWF from 3 June tog}&eénber 2008.

Forecasts experiments were carried out every third daygduhie period 3 January to 7 March 2009 (a
total of 22 forecasts). This period has been chosen for tieasons. Firstly, it samples the winter season
when tropical-extratropical interaction are at its strestg Secondly, it covers the winter component of
the THORPEX Pacific Asian Regional Campaign (Winter T-PAR&Nter T-PARC is a multi-national
field campaign that addresses the shorter-range dynamicfoestast skill of the Eastern Asian and
the western North Pacific region and its downstream impa¢hemmedium-range dynamics and fore-
cast skill downstream over the eastern North Pacific andiN@merica. Thirdly, an area of enhanced
convective activity associated with the MJO propagatethftbe Indian ocean into the tropical Pacific
from late January to the beginning of February 2009. Givanttie MJO is generally believed to have a
noticable impact on the Northern Hemisphere extratrogicallation (Ferranti et al., 1990; Jones et al.,
2004) it can be expected that tropical-extratropical extéon does play a role during the period chosen.

In the relaxation experiments the model is drawn towardsrjiatiated operational analysis data in the
tropics (20S—2®N) using a value ofA = 0.1hrs™! in Eqn. 1. The relaxation experiments were aug-
mented by a set of control forecasts without relaxation,ciwhlike the relaxation experiments, were
initialized from a low-resolution version of the operataf®ECMWF analysis.

In this study the ECMWF 4D-Var data assimilation is used (Bt al. 2000). The non-linear forecasts
are carried out at| 1159 with 91 levels in the vertical; the first and second inneplemploy are resultion
of T42 and T95, respectively. Variational bias correction is used (R@@5, Auligné et al. 2007). The
length of the data assimilation window is 6-hours.

In order to test possible remote influences of reduced fetexreor in certain areas ‘forecasts’ were pro-
duced by running 4D-Var data assimilation cycles with a#ation of data restricted to certain regions.
Like for the relaxation experiment, here the assimilatibdaia in the tropics only is considered (TROP,
20°S-2@N). Data assimilation cycles were run or each of the 22 sgdates and assimilation regions.
As control forecast the first guess started from the initialditions based on the low-resolutionI69
analysis and extended to 360 hours was used.

4.2 Resaults

Mean squared anomaly correlation coefficients (ACCs) f@ BPa geoptential height forecasts in the
Northern Hemisphere mid-latitudes are shown in Figure f&,the tropical 4D-Var and relaxation ex-
periments. Most importantly, the diagnosed role of foreeasor in the tropics on forecast skill in the
Northern Hemisphere mid-latitudes is very similar for boththods. Generally, reduced tropical fore-
cast error leads to better mid-latitude forecasts only beyid+5 or so. For both types of experiments,
however, the ‘forecast improvements’ beyond D+5 is mog@eaatounting to about 12—-24 hours gain in
forecast skill.

One might ask whether the fact that the forecast error remtugh the Northern Hemisphere mid-
latitudes associated with a better representation of thygids is moderate at best is due to the fact
the extratropical changes introduced by modifying theit®pare small compared to forecast error (i.e.
small perturbation size) or whether the perturbationsdastot grow into the right direction to reduce
extratropical forecast error. To address this questionreigc,d show mean absolute forecast error and
the mean absolute forecast differences between ‘forcenpiffal observations and relaxation, respec-
tively) and control experiments for Z500 over the Northemntisphere mid-latitudes. Henceforth, the
former and latter shall simply be referred to as ‘forecasireand ‘evolved perturbation’, respectively.

180 Seminar on Diagnosis of Forecasting and Data Assimiléiystems, 7—10 September 2009



JUNG T. AND M.J. RODWELL: DIAGNOSIS OFFORECASTERROR AND CIRCULATION ANOMALIES

(a) Z500 NMID (4D-Var) (c) Z500 NMID (4D-Var)

1.0 —~ 150
E
O 0.8/ g 1251
g 2
o 100+
D 0.6+ E=
< o
2 @ 75+
n 041 g
g 2 50+
§ <
0.2 S 25-
(]
o.o L L L L L L L L L L L L L L 2 o Il L L L L L L L L L L L L L
0123456 7 8 9101112131415 0123456 7 8 9101112131415
(b) Z500 NMID (Relaxation) (d) Z500 NMID (Relaxation)
10 T T T T T T T T T T T T — 150 T T T T T T T T T T T T T T
E
L o 1251
§ 0.8 %
o 100
3 0.6 £
S o 75F
n 041 g
5 2 sof
g <
0.2+ S 25
(]
O.o Il L L E o L L L L L L

0123456 7 8 9101112131415 0123456 7 8 9101112131415
Forecast Range (days) Forecast Range (days)

Figure 5: Mean of squared anomaly correlation coefficiergsaeen 500 hPa geopotential height
forecasts and verifying analyses in the Northern Hemispingd-latitudes (48-6(°N): (a) 4D-Var
assimilation experiment with tropical observations or29S—20N, dotted line) with correspond-
ing control forecast (solid line) and (b) tropical relaxati (dotted line) with corresponding control
experiment (solid line). Also shown are mean absolute &wtscerrors of the control integration
(solid) and mean absolute forecast differences (expetimérus control, dashed) for Z500 fields in
the Northern Hemisphere mid-latitudes: (c) 4D-Var datamdiation and (d) relaxation experiment.
Results are based on all forecasts started every third dainduhe period 3 January to 7 March
2009 (i.e., a total of 22 forecasts).

Figure 5c,d reveal that for both experiment types the sizbaEvolved perturbations is much smaller
than that of the forecast errors, at least in the short-ramgkmedium-range. From D+10 or so the
size of the evolved perturbations becomes comparable tsitleeof the forecast error. Given that in
this forecast range assimilation of data in the tropics dtasdropical relaxation leads to rather small
forecast error reductions (Figure 5a,b) suggests thatdstesrror is primarily governed by extratropical
processes.

The control integrations for the two types of experimens® grovide some interesting insights. Firstly,
the control forecast for the relaxation experiment, on agery is more skillful than the corresponding
forcasts from the 4D-Var experiment (Figure 5). This sutgytsat horizontal resolution during the data
assimilation processes is crucial, presumably due to a meadestic fist guess, and, hence, better data
usage. Secondly, there is certainly evidence for predictkill (10—-20% explained variance) of Z500
fields in the Northern Hemisphere mid-latitudes up to dagnefor a relatively low-resolution model
employed in this study.
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Figure 6: Relative reduction in mean absolute error (shagiim %) of D+10 to D+15 forecasts of

500 hPa geopotential height compared to the respectiveraidiorecast: (a) 4D-Var assimilation

experiment with assimilation of observations in the trepialy and (b) the tropical relaxation ex-
periment. Results are based on forecasts started evexy diaiy during the period 3 January to 7
March 2009 (i.e., a total of 22 forecasts).

The way how the assimilation of tropical data as well as tapielaxation reduces 2500 forecast in
different parts of the globe can be inferred from Figure @¥ef.0 to D+15 forecasts. Substantial relative
forecast error reduction in the tropics shows the efficiesfdpe two methods employed. Generally, the
picture in the extratropics in somewhat noisy, which refigbe fact that the results are based on only
22 forecasts. However, there are some areas which appdaesedit especially from reduced tropical
forecast error for both methods (4D-Var and relaxatiorpeeglly for D+10 to D-15 forecasts, hamely
the North Pacific, North America, the North Atlantic and Bagmon the Northern Hemisphere as well
as the South Pacific and South Atlantic on the Southern Héwrisp

4.3 Summary and discussion

Tropical relaxation experiments have been compared withltefrom 4D-Var data assimilation exper-
iments with tropical observations only. This comparisos baen carried out to understand whether
potential weaknesses of the relaxation approach such addmdes close to relaxation boundaries and
arbitrary choices for relaxation coefficients do have arugrite on the conclusions drawn with the
relaxation approach. Tropical relaxation has been fourelat to very similar results to 4D-Var experi-
ments with assimilation of tropical observations only. Bamresults have been obtained for a region in
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the extratropics (not shown here). This suggest that tlaeatbn approach is a relatively cheap (two or-
ders of magnitude less expensive than 4D-Var) and efficieighdstic technique to study remote orgins
of forcast error.

5 Theanomalously cold European winter of 2005/06

The relaxation technique has been widely used by the atredspscience community on relatively
shorter ‘weather’ time scales (Kalnay, 2003; Bauer et @D3. Here it will be illustrated as a diagnostic
tool to understand processes on longer seasonal and ditimad scales.

To this end the anomalously cold European winter of 2005/8Be® an interesting case study for various
reasons. Firstly, it was the coldest winter in Europe in almuecade (Scaife and Knight, 2008),
which was brought about by an increased frequency of oaoceref Euro-Atlantic blocking events
(Croci-Maspoli and Davies, 2009). This increase becomgsrant in the form of a seasonal-mean
anti-cyclonic anomaly in geopotential height fields at tB@tPa level (hereafter Z500) over the North
Atlantic. Secondly, most seasonal forecasting system sti@@me skill in predicting the anomalously
cold temperatures several months in advance (Graham &08i6; Folland et al., 2006) suggesting
that some external forcing (atowly varying internal dynamics) might have played a role. Findhe
winter of 2005/06 was marked by the presence of a numbermibtd anomalies, both in the Northern
Hemisphere extratropics and in the tropics, which mightagrphe observed circulation anomaly (Jung
et al., 2010c).

5.1 Experimental setup

The numerical experimentation desribed in this sectionased on a recent version of the ECMWF
atmosphere model (cycle 32R1 used operationally from 5 Jorte November 2007). All forecast
experiments employ a horizontal resolution @B5 (linear Gaussian grist 1.85° x 1.85°) with 60 levels

in the vertical. About half of the levels are located abowe ttopopause (Untch and Simmons, 1999)
extending up to 0.1 hPa. All experiments were carried outgugiitial conditionsm, lower boundary
conditions (SST and sea ice) and reference fields towardswitne model is relaxed from ERA-Interim.
Aspects of the model’s performance are discussed elseWdang, 2005; Jung et al., 2010a).

The various relaxation experiments described in this eecind their abbreviations are summarized in
Table 1.

For the winter of 2005/06 a set of seasonal ensemble forewatt and without relaxation was carried
out using a lagged approach. The ensembles were generastdrtiyg forecasts in 6-hourly intervals
from 12 UTC on 16 November to 12 UTC on 20 November 2005 givitma of 17 ensemble members.
A summary of all seasonal forecast experiments along wéh etbbreviations is given in Table 1.

Throughout this paper ‘anomalies’ refer to departures efeghsemble mean or individual ensemble
members from the climate of the model. The climate of the rhads obtained from calibration runs.
These runs are single integrations (i.e. one ensemble migiedering winters of the period 1990/91
to 2005/06. Forecasts were started at 12UTC on 15 Novemlmdice\l that the calibration runs for the
relaxation experiments were carried out with the same atilax as for the respective winter 2005/06 en-
semble experiment. By doing this, the ‘anomalies’ refleetahomalous conditions during the 2005/05
winter rather than the remote influence of reduced systereaibrs in the relaxation regions.
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Table 1: Summary of the main seasonal forecast experimentsin this section. Unless mentioned
otherwiseA = 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(PE stratosphere
TROP-T/30-90E 2XB5-20N, °—9C°E troposphere
TROP-T/150E-120W AB-20N, 15CFE-120W troposphere
TROP-T/90W-0 20S-20N, 9CPW-C° troposphere

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

* Actual strength of the relaxation at 500, 200, 50 and 20 hRspoximatelyAg - 0.999 Ag - 1.8-
1072,19-8.3-10 7 andAg-1.5-10 "8 hrs 1, respectively.

T Actual strength of the relaxation at 500, 200, 50 and 20 hRgjsoximatelyAo- 1.1-10 7, Ag- 2.3-
107, Ap-1.8-10"2 andAg- 0.5 hrs 1, respectively.

5.2 Results

Observed 2500 anomalies for the 2005/06 winter are showigure 7 alongside corresponding anoma-
lies for the control experiment with observed SST/sea iddT); the tropical relaxation experiment
(TROP) and the experiment with relaxation of the Northermii$phere stratosphere (NH-S). Figure 7b
shows that prescribing the observed SST/sea ice fields isufitient to reproduce the observed cir-
culation anomalies in an ensemble mean sense, especiallyNavth America, the North Atlantic and
Europe. The Z500 response produced by TROP is highly signifiand resembles the negative phase
of the Arctic Oscillation/North Atlantic Oscillation (AQYAO) (Thompson and Wallace, 1998; Walker,
1924). Especially over North America, the North AtlanticdaBurope, the ensemble mean response
to tropical relaxation closely resembles the observed afies1 The influence of the Northern Hemi-
sphere stratosphere, NH-S, on Northern Hemisphere Z50faes is weaker and different in terms
of its spatial structure compared to that from the tropidse Northern Hemisphere Z500 response for
NH-S shows a significant anti-cyclonic circulation anomialyhe eastern North Atlantic, which shows
little resemblance to the AO/NAO-like response expectedrise from the ‘downward propagation’
of polar vortex anomalies (e.g. Baldwin and Dunkerton, 199@baum and Hoskins, 2002; Jung and
Barkmeijer, 2006). That the ensemble-mean responses gralifferent for TROP and NH-S can be
inferred from the fact that spatial pattern correlationftoents between the two fields, for both the
Northern Hemisphere (< 0.1) and the Euro-Atlantic region & 0.3), are very small.

So far, the results suggest that primarily the tropical aml@a and secondarily the anomalously weak
stratospheric polar vortex contributed to the troposgheiiculation anomalies observed during the
2005/06 winter. Figure 8 shows observed 50 hPa geopotdmight (Z50) anomalies; also shown are
ensemble mean anomalies for CNT and TROP. The Z50 anomatidsqed by NH-S are very similar

to the observations (not shown). CNT shows weak and nonfisigmt Z50 anomalies suggesting that
the observed SST and sea ice anomalies have contributedditthe anomalously weak stratospheric
polar vortex. The ensemble mean for TROP, on the other hawdlupes a weakened stratospheric
polar vortex, with an anomaly which is stronger than obsigniaspection of the individual ensemble

members (not shown) suggests that the stratospheric r@spo@a tropical forcing is consistent with the

observations. These results suugest that the origin of alously weak stratospheric vortex during the
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Figure 7: Geopotential height anomalies at the 500 hPa I¢eehtour interval is 20 m) for the
period 1 December 2005 to 28 February 2006: (a) ERA Interim), NT ensemble, (c) TROP
ensemble and (d) NH-S ensemble. Results in (b)—(d) are lomsedsemble mean data. Statistically
significant anomalies (at the 95% confidence level) in (B)afd hatched.

80 80

/ 60

,
e

40
20

-20

/
AN
~_ T

-20

-40

I

2005/06 winter lies in the tropics

5.3 Summary and discussion

Numerical experiments with the ECMWF model have been cduig in order to understand the origin
of the atmospheric circulation anomaly that led to the arousdy cold European winter of 2005/06.
In contrast with most other previous studies, which exptdiserved atmospheric circulation anomalies
primarily in terms of SST anomalies in the extratropical tHoktlantic (Graham et al., 2006; Folland
et al., 2006; Scaife and Knight, 2008; Croci-Maspoli and iBsy2009), the relaxation experiments
presented in this study indicate an important role for thpitral atmosphere. Scaife and Knight (2008)
argue that the January 2006 sudden stratospheric warmiiiglis to have contributed to the colder
2005/06 winter. While it cannot be excluded that the extigiral stratosphere might have increased the

persistence of the cold spell, the results of this study ssigtipat the origin of the sudden stratospheric
warming in January lies in the tropics.

Further results of this study, described in Jung et al. (2)Xuggests that the largest forcing came from
the tropical troposphere over South America, the Atlantid Africa. Their results further suggest that

the easterly phase of the QBO also contributed to the obdeiveulation anomalies, especially in the
Northern Hemisphere stratosphere.
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Figure 8: As in Fig. 7, but for 50 hPa Geopotential height aradies.
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