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Diagnosing the Origin of Extended-Range Forecast Error SECMWF

Abstract

Experiments with the ECMWF model are carried out to studyiniflaence that a correct representation of
the lower boundary conditions, the tropical atmospheretaad\Northern Hemisphere stratosphere would
have on extended-range forecast skill of the extratropiicathern Hemisphere troposphere during boreal
winter. Generation of forecast error during the course efititegration is artificially reduced by relaxing
the ECMWF model towards the ERA-40 reanalysis in certainoresy Prescribing rather than persisting
sea surface temperature and sea ice fields leads to a modestdoerror reduction in the extended-range,
especially over the North Pacific and North America; no infeeis found in the medium-range. Relax-
ation of the tropical troposphere leads to reduced extenalege forecast errors especially over the North
Pacific, North America and the North Atlantic. It is showntthdetter representation of the Madden-Julian
Oscillation is of secondary importance for explaining tasuits of the tropical relaxation experiments. The
influence from the tropical stratosphere is negligible.aRation of the Northern Hemisphere stratosphere
leads to forecast error reduction primarily in high latiégdand over Europe. However, given the strong
influence from the troposphere onto the Northern Hemispbgatosphere it is argued that stratospheri-
cally forced experiments are very difficult to interpret @rms of their implications for extended-range
predictability of the tropospheric flow. The results arecdissed in the context of future forecasting system
development.

1 Introduction

Despite substantial improvements in model formulationtadessimilation systems and observing systems,
forecasts are still prone to failures. This is particularlye for extended-range forecasts (beyond 10 days) of
the extratropical flow, which have moderate skill at the lgtmes. Apart from being of scientific interest,
understanding the origin of forecast error is a first stepatol future forecasting system improvements. One
important piece of information is the origin of forecastoerif extended-range predictability in the extratropics
is primarily limited by model error in the tropics then futumodel development should focus on exactly this
region.

The aim of this study is to investigate how much of the extittal forecast error in extended-range (11—
30 days) integrations originates from parts of the climgtesn with (potentially) enhanced extended-range
predictability (e.gBaldwin et al, 2003 Shukla 1998): the lower bounday conditions, the tropical atmosphere
and the stratosphere. To this end a relaxation techniqge &@metimes called nudging) is used in which
prognostic fields are relaxed towards reanalysis data giihia course of the integration. In this way it is

possible to suppress artificially the development of faseearors in certain regions of the globe (e.g. tropical
atmosphere).

The relaxation technique is a well-established techniquthé atmospheric sciences. It has been used, for
example, in data assimilation (sEalnay, 2003 for an overview), for determining corrections to empiliica
reduce model deficiencieKdas et al. 1999, for dynamical downscalingvbn Storch et al.2000, for bet-

ter understanding planetary wave—synoptic wave intenastin the atmospher&i{raus and Yi1998), and for
validation of a synoptic system in an atmospheric circatatnodel Bauer et al.2008. The approach em-
ployed in this study is very similar to the method used at ECIMW the 1980s in order to understand the
origin of medium-rangdorecast error in the northern hemisphere extratrogitaséler 1982 Klinker, 199Q
Ferranti et al.1990. It has been decided to revive the relaxation techniqueCM®/F as a diagnostic tool for
the following reasons:

e The relaxation technique could also be useful to underdtanedast error in the extended-range, address-
ing the monthly and seasonal forecasting problem.
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e The availability of larger computer resources allows digant increases in sample size and therefore
robustness of the results compared to previous studies.

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

The paper is organized as follows: In the next section desdibut the monthly forecast experiments and about
the model formulation will be given. Subsequently the ressulill be presented. The impact that relaxing
various regions has on forecast skill will be first descrifiest for the tropics and then the extratropics. For
the extratropics the focus is on the role of the tropics aratatphere. For tropical relaxation experiments the
role of the Madden-Julian Oscillation will be consideregamately. Finally, the results will be summarized and
discussed.

2 Methodology

2.1 Monthly forecasts

To investigate the origin of extratropical forecast erraridg boreal winter a large set of 30-day control and
relaxation experiments has been carried out using modét @arl (used operationally at ECMWF from 5
June-5 November 2007) at a resolution %9 (about 125 km) and with 60 vertical levelg (69L60). For
each of the experiments a total of 88 30-day forecasts weredaut. Forecasts were started on th& bsthe
months November, December, January and February, for ddbb winters from 1980/81 to 2001/02. Initial
conditions were taken from ERA-40 reanalysis data. If natiest otherwise, sea surface temperature (SST) and
sea ice fields were persisted throughout the forecast. Aiti@akl control integration with observed SST and
sea ice fields from ERA-40 was also carried out in order to tifyaihe influence that ‘knowledge’ of the lower
boundary conditions has on atmospheric forecast skill.

Forecast experiments with relaxation of the following oegi have been carried out:

e whole tropical atmosphere,

tropical stratosphere,

tropical troposphere,

Northern Hemisphere stratosphere, and

Northern Hemisphere troposphere.

Additional sensitivity experiments were carried out todstigate the relative importance of different tropical
regions and to study the sensitivity to the strength of tHaxedion. The various 30-day experiments are
summarized in Tablé. In the following a more detailed description of the reldoatformulation is given.

2.2 Relaxation formulation

In the relaxation experiments the model is drawn toward€EtRA40 reanalysis data during the course of the
integration. In this way it is possible to reduce forecasbrein specific regions, such as the tropics, in some
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Table 1: Summary of 30-day forecast experiments. All exparts are based on model cycle 32R1 using a resolution of
T 159 with 60 levels in the vertical. Lower boundary condiiavere persisted for all relaxation experiments.

Abbreviation Comment Relaxation Region A

CNT/PER-SST Control run, persisted SST — —

CNT/OBS-SST Control run, observed SST — —

TROP Tropical relaxation 25-20N, 18°W-18FE 0.02,0.1, 1.0

all levels

NH Relaxation of 209N, 18°W-18CE 0.1,1.0
Northern Hemisphere all levels

NH-T Relaxation of troposphere 20PN, 18C°W-18CE 0.1, 1.0
(Northern Hemisphere) 3300 hPa

NH-S Relaxation of stratosphere 20FN, 18°W-18CE  0.1,1.0
(Northern Hemisphere) €70 hPa

MCIN Relaxation over Africa, 206—20N, 0°-14CE 0.1
Indian Ocean and Maritime all levels
Continent

TPAC Relaxation over tropical 26-20N, 14E-9C°W 0.1
Pacific all levels

SAAT Relaxation over South America 28-2CN, 90°W-C° 0.1

and tropical Atlantic

all levels

controlled way. The relaxation experiments are carriedogwtdding an extra term of the following form to the

ECMWF model:

—A(x—x"h).

1)

The model state vector is representedxiand the reference vector towards which the model should doerdr
(here reanalysis data) bye’. The strength of the relaxation is determined ywhich generally can be a
function of the variable, region (both the horizontal andigal) and spatial scale (e.g., planetary scales only)
considered. The units df are in (time step). For a time step of one hour employed in this study a value of
A =0.1, for example, indicates that at each time step the modebiseécted’ using 10% of the departurexof

from x"ef,

In this study the relaxation is carried out in grid point spacorder to allow for localization. Parameters being
relaxed include the zonal and meridional wind componeataperature and the logarithm of surface pressure;
the same\ is used for each of these parameters. The reference fieldsruigs study are from the ERA-40
reanalysis ppala et al. 2005 at 6-hourly intervals (00, 06, 12 and 18UTC). For all modeie steps for
which no direct analysis is available, neighboring analfigilds are linearly interpolated.

When applying masks to spatially localize the relaxati@medas to be taken in order to reduce adverse effects
close to the relaxation boundaries. Here the transitiomfrelaxed to non-relaxed regions is smoothed using
the hyperbolic tangent. The smoothing in the horizontalaisied out over 20 belts, both in longitude and
latitude. Boundaries stated in the text refer to the cerfttheorespective Z20belt. The latitudinal dependence

of A in TROP/0.1 is illustrated in Figurg The transition in the vertical is smoothed over about 8 rhizdels,
which corresponds to a pressure interval of about 200 hRe ttothe tropopause in the 60 level model used in
this study. The vertical dependenceiofor tropospheric and stratospheric relaxation experimantlustrated

in Figure?2.
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Figure 1: Latitudinal dependence afin Eqn.1 (hrs™?) for the tropical relaxation experiment (TROP/0.1).
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Figure 2: Vertical dependence df in Eqn. 1 (hrs™1) for tropospheric (solid) and stratospheric (dashed) reltion
experiments.

3 Reaults

3.1 Tropical forecast error

Figure3 shows mean absolute forecast error of 5-day averaged zamadkivthe 250 hPa (tropical troposphere)
and 50 hPa level (tropical stratosphere). The control matémn (CNT/PER-SST) shows increasing forecast
error in the tropical troposphere throughout the 30-dagdast period suggesting that current forecasting sys-
tems possess some useful monthly forecast skill (see\dlad, 2004). In the tropical stratosphere there is
no evidence for saturation of forecast error throughoutfitisé 30 days suggesting a relatively high level of
extended-range predictive skKill.

Prescribing rather than persisting SST fields throughauirttegration (CNT/OBS-SST) reduces forecast error
of the tropical troposhere slightly in the extended-rarigghe medium-range better ‘knowledge’ of SST has
no impact on forecast skill (Figa). Not too suprisingly, the influence of the lower boundasyditions has a
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(a) 250hPa Zonal Wind
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(a) 50hPa Zonal Wind
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Figure 3: Mean absolute error (m3) of 5-day averaged forecasts of zonal wind at (a) 250 hPa &h)&@ hPa. Results
are shown for the control forecast with persisted (soliceain function at 200 hPa in the tropics @®-10N) for control
forecast with persisted (CNT/PER-SST) and observed (CBS/8ST) SSTs as well as for experiments with the tropics
(TROP/0.1 and TROP/0.02) and northern hemisphere troperepiNH-T/0.1) relaxed towards ERA-40 reanalysis data.

rather small effect on tropical stratosphere.

The experiment with relaxation of the whole tropical atnoee (TROP/0.1) shows that the relaxation is effi-

cient in reducing forecast error in both the tropospherethadtratosphere. Throughout the 30-day forecasts,
forecast error of zonal wind at 250 and 50 hPa are kept signific below the level seen in the short-range and

early medium-range (5-day average from D+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 small (Ba). The largest ‘non-local’ influence comes from

the Northern Hemisphere extratopics, whose impact is fetiughout the whole forecast. This finding is

consistent with the notion that extratropical forcing cafidence tropical convection and equatorial waves
(Kiladis and Weickmann1992 Hoskins and Yang2000).

Tropical zonal winds at the 50 hPa level (F3tp) are clearly influenced by a better representation of tipgdal
troposphere. This is expected given that gravity waves guadteral planetary-scale (Kelvin and Rossby) waves
tend to propagate from the trosposhere into the stratoseay.,Baldwin et al, 2001; Ern et al, 2007). The
tropical stratosphere is not only influenced from below. IBibie extratropical troposphere and stratosphere
have some impact on the tropical stratosphere.
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(a) 500hPa Geopotential Height: Northern Hemisphere (b) 500hPa Geopotential Height: Northern Hemisphere
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Figure 4. Mean absolute error (m) of 5-day averaged foresadt500 hPa geopotential height fields over the Northern
Hemisphere (north of 4N): (a) control forecast with persisted and observed SSheadlsas for experiments with relax-
ation of the tropics (TROP/0.1) and the Northern Hemisptstratosphere (NH-S/0.1) towards ERA-40 reanalysis data.
(b) as in (a), but for different tropical relaxation expemmts (TROP/0.02, TROP/0.1 and TROP/1.0). (c) as in (a),dsut f
different experiments with relaxation of the Northern Hgphiere stratosphere (NH-S/0.02, NH-S/0.1, and NH-S/1.0)

3.2 Northern Hemisphereforecast error

Figure4 shows mean absolute forecast error of 5-day averaged rexticil Northern Hemisphetegeopoten-
tial height fields at the 500 hPa level (2500, hereafter) mous experiments. The control integrations with
persisted and observed SST/sea ice fields (CNT/PER-SST BAdOBS-SST) show that it takes about 30
days for forecast error to saturate and that knowledge dbther boundary conditions increases the skill in the
extended-range slightly (Figuda); in the short-range and medium-range,on the other hasig wbserved
rather than persisted lower boundary conditions proviitis, lif any, benefit (see alsdung and Vitart2006).

Relaxing the tropics (TROP/0.1) and the Northern Hemispknatosphere (NH-S/0.1) both lead to a notewor-
thy reduction in Z500 forecast error over the Northern Heimégse (Figureda). In relative terms the forecast
error reduction is largest in the extended-range (beyontOR+where it amounts to about 10-20% of the fore-
cast error of the control integration for TROP/1.0 and NH-8/ The ‘delayed’ positive impact of the tropical
and stratospheric relaxation can be explained by the fattfthecasts are still quite successful in the short-
range and medium-range (where the relaxation has littlk wmdo). Furthermore, it takes some time for

IHere the Northern Hemisphere encompasses only the regitin@fo4(PN in order to stay way clear of the relaxation zone used
in experiment TROP/0.1

6 Technical Memorandum No. 603
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(a) 50hPa Geopotential Height: Northern Hemisphere
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Figure 5: Mean absolute error (m) of 5-day averaged foresadt50 hPa geopotential height fields over the Northern
Hemisphere (north of 3M) for control forecast with persisted SSTs (CNT/PER-S&d)experiments with the tropics
(TROP/0.1), the northern hemisphere stratosphere (NHtSHAd NH-S/1.0) and the northern hemisphere troposphere
(NH-T/0.1 and NH-T/1.0) relaxed towards ERA-40 reanalysit.

the signal (reduced forecast error) to ‘propagate’ fromttbpics and the stratosphere, respectively, into the
northern hemisphere troposphere (éigskins and Ambrizzi1993 Jung and Barkmeije2006).

The sensitivity of the results to the strength of the reliaxai.e., the choice oA in Egn. 1) for TROP and
NH-S can be inferred from Figur¢ b and c, respectively. For the relaxation time scales censitihere (1,

10 and 50 hours) the tropical relaxation appears to be lesstise to the choice oA. One way to interpret
this result is that the reduction of Northern Hemisphere®®&gor is due to relatively persistent and large-scale
rather than fast and small-scale tropical features. Th®Z&@cast error reduction appears to be more sensitive
to A for NH-S. The fact that a stronger relaxation is requiredtffier stratosphere compared to the tropics could
mean that the latter has a larger direct influence on the NiortHemisphere extratropics (see also below).

As shown above, relaxation of the tropical atmosphere leadsduced forecast error over the Northern Hemi-
sphere. How much of this improvement originates in the talpiroposphere and how much in the tropical
stratosphere? In order to answer this question, additieakation experiments have been carried out with
relaxation of the tropical troposphere (TROP-T/0.1) angitral stratosphere (TROP-S/0.1) only. Results from
these experiments clearly show that it is primarily the itaptropospherewhich influences the tropospheric
flow over the Northern Hemisphere (Fid).

How the relaxation towards ERA-40 in different regions iefiges the predictability of theratosphericcircu-
lation (in terms of geopotential height at 50 hPa, Z50 heegnbver the Northern Hemisphere can be inferred
from Fig. 5. The forecast error of the control integration saturateshmater at 50 hPa than it does at 500
hPa. This highlights the relatively high level of extendadge predictability of the Northern Hemisphere
stratosphere. The tropics have some influence on the gihes circulation, especially beyond D+15 or so.
Not too surprisingly, relaxing the stratosphere towardAER reduces Z50 forecast error over the Northern
Hemisphere substantially. Interestingly, however, rigligethe extratropicalropospherenas a similar influence,
at least for values of much smaller than 1.0. These results are a reminder of thiegstroposheric forcing of
the Northern Hemisphere stratosphere during boreal winter

Technical Memorandum No. 603 7
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(a) MAE D+6-D+10 Z500 CNT/PER-SST (b) MAE D+16-D+20 Z500 CNT/PER-SST (c) MAE D+26-D+30 Z500 CNT/PER-SST
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Figure 6: (a)—(c) Mean absolute forecast error of 500 hPag@ential height field (in metres) for the control integrati

with persisted SSTs (CNT/PER-SST). (d)—(f) Differenceanmbsolute forecast error for Z500 between the contradint
gration with observed (CNT/OBS-SST) and persisted (CNR/BET) SSTs. (g)—(i) as for (d)—(f), but for the differenced
between TROP/0.1 and CNT/PER-SST. (j)—(l) as for (d){f)ids the differenced between NH-S/0.1 and CNT/PER-SST.
Results are shown for 5-day averaged data: D+6 to D+10 (Jd¥#)}16 to D+20 (middle) and D+26 to D+30 (right).
Differences significant at the 95% confidence level (twesidtest) are hatched.

3.2.1 Regional impacts of tropical and stratospheric rekion

So far, the focus has been on Z500 forecast error for theteoiaal Northern Hemisphere as a whole. Itis
likely, however, that the Z500 response over the Northemmidghere described above shows some interesting
spatial structure. The way how Z500 error is influenced olierNorthern Hemisphere by prescibing rather
than persisting the the lower boundary conditions can karied from Figureésd—f. Perfect knowledge of the
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observed SST/sea ice fields has a positive impact primarithie extended-range over the North Pacific and
over North America. The impact over the North Atlantic anddpe, on the other hand, is rather small (and
non-significant) throughout the first 30 days of the forecast

Not too surprisingly, the tropical relaxation experimerlROP/0.1 (Fig6g—i), leads to substantial forecast error
reduction in the northern hemisphere subtropics, thatasedo the relaxation region. The fact that the forecast
error reduction with tropical relaxation appears to bedfr¢confined’ to the subtropics in certain regions such
as south-east Asia might be explained by the presence afjssubtropical zonal wave guides (eByanstator
2002 which propagate the signal in zonal rather than merididiraction. There is also a clear positive impact
of a correct representation of the tropics in certain regjiohthe Northern Hemispheraid-latitudessuch as
the eastern North Pacific, the North American continent &edcentral North Atlantic. This is true from the
medium-range well into the extended-range. In the Eurasit region the Z500 forecast error reduction is
largest just west of the British Isles. This is an area wh#ckriown for the frequent occurrence of persistent
ridges (‘blocking”) and troughs, both which tend to prodbigh-impact weather over Western Europe (e.g. UK
floods in autumn 2000). North America is the other populateé in the Northern Hemisphere mid-latitudes
which benefits from improved forecasts of the tropical tgwere.

In the medium-range and extended-range, the stratospiedgication experiment leads to the largest forecast
error reduction in high latitudes (Figj—I). This is consistent with the tropospheric responsenébin the
ECMWF model as a result of changes in the strength of theospheric polar vortexJung and Barkmeijer
2006). Interestingly, Europe and northern parts of North Ameeiace also key-beneficiaries of a better repre-
sentation of the stratospheric circulation, both in the inm@drange and extended-range.

It is worth mentioning that thepatial structureof the response is much less sensitive to the exact choige of
than is themagnitude(not shown).

The same experiments deascribed above were repeated fod#pendenperiod 1958-1981 (not shown). In
general the conclusions remain unchanged, except for a @dattion of the tropical and stratospheric impact
on Z500 forecast error over North America. This may at leasiypbe explained by the slightly poorer quality
of the ERA-40 reanalysis during the pre-satellite é&/pfala et al.2005.

3.2.2 Further exploring the tropical influence

Having demonstrated the beneficial impact of reduced tedparecast error for Z500 forecasts over Western
Europe and North America, it is interesting to understamenfivhich part(s) of the tropics the forecast im-
provement originates. To this end, three additional reélaraexperiments were carried out (see also Tab.
The three tropical regions considered are:

e 0°—14CE: Africa, Indian Ocean and Maritime Continent (MCIN).
e 140PE-9C°W: Tropical Pacific (TPAC).

e 90°W-0°: South America and Atlantic (SAAT).

The choice is motiviated by the fact that (i) MCIN represemtggion in which the MJO is strongly associated
with moist processedMadden and Juligril994) leading to strong anomalies of the large-scale divergent fl
and, hence, the potential for pronounced extratropicactainections (e.dMatthews et al.2004), (i) TPAC

is associated with ENSO-type variability (including ‘miiglJO event during El Nino years), and (iii) SAAT
reflects atmospheric conditions in a region which, althoggherally less affected by strong intraseasonal and

Technical Memorandum No. 603 9
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(a) MAE D+6-D+10 Z500 TROP/0.1-CNT/PER-SST (b) MAE D+16-D+20 2500 TROP/0.1-CNT/PER-SST (c) MAE D+26-D+30 Z500 TROP/0.1-CNT/PER-SST
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Figure 7: Mean absolute forecast error (in metres) betwdendxperiments with relaxation confined to (a)—(c) tropics
(TROP/0.1), (d)—(f) the Indian Ocean/Maritime ContineWIN), (g)—(i) the central tropical Pacific (TPAC) and (j-(
the tropical South America/tropical Atlantic (SAAT) ane ttontrol integration (CNT/PER-SST). All relaxation exper
ments are based oh = 0.1. Results are shown for 5-day averaged data: D+6 to D+10 )lé&t-16 to D+20 (middle)
and D+26 to D+30 (right). Differences significant at the 95%nfidence level (two-sided t-test) are hatched.

interannual atmospheric variations, has the potentidféatawveather over Europe (e lgoskins and Ambrizzi
1993.

An investigation of the forecast error for these experiraéntthe tropics suggests that the forecast ‘improve-
ment’ is largely confined to the relaxation regions (not shppw his suggests that it is possible to trace extrat-
ropical forecast error reduction back to different tropiegjions.
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Table 2: Forecast start dates (format: year-month) for vais types of composites. Notice that all forecasts wereestar
on the 14" of the respective month.

Type Forecast start dates

Active MJO 1981-12, 1983-11, 1985-01, 1985-02, 1985-1361091, 1987-02, 1987-11,
1987-12, 1988-01, 1988-02, 1988-12, 1989-01, 1989-020-039 1990-02,
1990-11, 1991-12, 1992-01, 1992-12, 1993-01, 1994-024-199 1994-12,
1996-11, 1996-12, 1997-02, 2000-11

Non-active MJO 1980-12, 1982-01, 1982-02, 1982-11, 19B3t083-02, 1984-01, 1984-02
1984-12, 1987-01, 1991-01, 1993-11, 1995-01, 1997-018-029 1998-12
2000-01, 2001-11, 2001-12

Figure7 shows the impact of the various tropical relaxation experita (withA = 0.1) on mean absolute Z500
forecast error over the northern hemisphere. Forecasoiwaprent for MCIN is largely confined to the Asian
subtropical Jet Stream and the North Pacific region througtie 30-day forecast (Figh). Although there
appears to be some influence in the North Atlantic by D+26 t8@forecast error reduction is relatively small
compared to the experiment in which the whole tropical ba# been relaxed (Figa, right panel). Relaxing
the tropical Pacific, TPAC, leads to forecast improvememsnfthe eastern North Pacific, over North America
into the North Atlantic region. A similar forecast error teion is found for SAAT. In both experiments TPAC
and SAAT, Z500 forecast in the North Atlantic region are athg improved in the medium-range; the largest
signal, however, is found in the extended-range (both, sokite and relative terms).

3.2.3 The role of the Madden-Julian Oscillation

Previous studies have highlighted the importance of theddadlulian Oscillation (MJQWladden and Julian
1972 in generating extratropical teleconnections, espsacialihe North Pacific regiorMatthews et al.2004).
Given that the representation of the MJO in most atmospineoidels is rather poor (e.lyloncrieff et al, 2007)

it seems plausible that improved prediction of the MJO veifld to improved extended-range forecasts of the
extratropical circulationKerranti et al. 1990 Jones et al.20049—a notion that also features prominently in
the THORPEX International Science Pla®h@piro and Thorpe2004). In the light of the earlier study by
Ferranti et al.(1990, it is tempting to explain the beneficial impact of tropicalaxing on extended-range
extratropical forecast skill, illustrated in previous sees, by more skilful ‘forecasts’ of the MJO.

In order to better understand the role of the MJO in the tiapielaxation experiments, diagnosis of the exper-
iments was carried out separately for active and non-abli¥® episodes. Here, the classification into active
and non-active MJO episodes was carried out subjectivejyinspecting individual Hovmaoller diagrams of
bandpass-filtered (30-60 days) tropical velocity potéat@malies at the 200 hPa level using ERA-40 reanal-
ysis data. A summary of the forecast start dates for actidenan-active MJO periods is summarized in Table
2. Notice, for example, that the two strong MJO events duimgTOGA/COARE Intensive Observing Period
(Yanai et al, 2000 are captured by the active MJO subset.

If extratropical forecast error in the control integratisrconsidered separately for periods with active and non-
active MJO then it turns out that Z500 forecast error overNloethern Hemisphere is smaller during active
compared to non-active MJO episodes (solid lines in 8&gand b). These results, which are consistent with
the study ofJones et al(2004), suggest that extended-range forecasts of the Northemmigplere circulation

2Using an objective technique with various threshold didatatnge the conclusions.
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Figure 8: Mean absolute error (m) of 5-day averaged 500 hPapgeential height forecast error over the Northern
Hemisphere (north of 4N) for (a) active and (b) non-active MJO episodes. Resulisshpown for the control integration
CNT/PER-SST (solid) and TROP/0.1 (dashed) and TROP-PEgIiitted).

with present-day versions of the ECMWF draw some of theil §kim successful prediction of the MJO.

If improvements in the ‘prediction’ of the MJO were the maiontributor to the reduction of extratropical
forecast errors in the tropical relaxation experimententive would expect the tropical relaxation to yield
improvements primarily during active MJO periods. Comparihe differences in mean absolute errors be-
tween the tropical relaxation (TROP/1.0) and control expent for non-active MJO (Fig8a) and active MJO
(Fig. 8b) shows that this is not the case. In fact, if anything, thenreduction of Z500 forecast error over the
Northern Hemisphere is larger during non-active compaveattive MJO episodes.

This conclusion is in stark contrast to the resultsHayranti et al(1990. How can this discrepancy be ex-
plained? Firstly, it should be mentioned that the analysigatds which the model is drawn in this study is
much of much higher quality compared to that used-byranti et al(1990. This can be inferred from Fi@,
which shows how the squared coherency spectioetween operational analyses and ERA-40 (re-)analyses of
equatorial velocity potential anomalies at the 200 hPal ldgpends on zonal wave number for two different
periods. For the 1985-1988 period, which represents appataly the period investigated Wyerranti et al.
(1990, correspondence between the two analyses is confinedytdovewave numbers. This suggests that in
the late 1980s only the largest spatial scales—includiegMdO—were realistically represented by the-then

3The (squared) coherency is formally similar to the (squpcedrelation coefficient and, therefore, gives a measurehéosimilarity
of two fields as a function of zonal wavenumber (&@n Storch and Zwierd999.
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Tropical Velocity Potential Anomalies (200hPa)
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Figure 9: Mean squared coherency of equatorial velocityeptial anomalies at the 200hPa level as a function of zonal
wavenumber between operational analysis and ERA-40 rgaisaflata: 1985—-1988 (solid) and 1998-2001 (dashed).
The ‘chunk method’ (seen Storch and Zwierd 999 for details) has been used for smoothing.

operational analysis (i.e. constrained by the observatidror the 1998-2001 period, however, the agreement
between the the-then operational analysis and ERA-40 eamas much better for all zonal wavenumbers.
Secondly, differences in the predictive skill of the MJO lie t1980s compared to today may explain discrep-
ancies regarding the role of the MJO in this study compardtabof Ferranti et al(1990. Figurel10 shows
that today’s forecasts of MJO-type atmospheric varigbdit D+10 show the same skill as D+3 forecasts used
to show in the late 1980s. In faBiper (1995 finds “a comparatively rapid decrease of skill in the trapic
region” for ECMWF forecasts during the period 1986—Vitart et al.(2007), on the other hand, point out that

in a recent version of the ECMWF model there is useful skilpiadicting the MJO up to D+15 to D+20 in
advance.

In order to further elucidate the influence that changesojpital forecast error have on extratropical predictive
skill a set of experiments has been carried out in which tharbdel is relaxed towards the initial conditions
in the tropics usingt = 0.1hrs™* (TROP-PER/0.1 hereafter). In this way it is possible tofiaitilly deterio-
rate forecasts of the tropical atmosphefeefranti et al. 1990. For non-active MJO episodes it is found that
increasing forecast error in the tropics leads to slighahgér extratropical forecast error in the medium-range;
in the extended-range, however, deteriorating tropica@dasts has no impact compared to the control forecast
(Fig. 8a). For non-active MJO episodes this suggests that prelsgnextended-range forecasts of the extrat-
ropical atmosphere with the ECMWF model do not draw any jotedi skill from the tropics. For active MJO
episodes (Fig8b), on the other hand, the control forecast shows much logvecést error compared to TROP-
PER, suggesting that part of the present level of mediurgeamd extended-range extratropical forecast skill
actually originates in the tropics and is associated wighNtIO.

4 Discussion

The origin of extended-range forecast error has been studtb the ECMWF model by carrying out relaxation
experiments. By spatially confining the relaxation it is gibke to study theemoteimpact that forecast error
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Tropical 200hPa Velocity Potential (k=1)
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Figure 10: Predicted variance fraction of operational ECNAMibrecasts of equatorial, large-scale (only zonal wavenum
bers one has been retained) velocity potential at 200hPal lfar the periods 1986—-1989 (dash-dotted), 1998-2001
(dashed) and 2005-2008 (solid) (see text Boer, 1994 for further details).

reduction in certain regions has. A schematic of the interas considered along with estimates of their
strength is shown in Figurgl.

The focus of this study has been on the influence that thecsapid the Northern Hemisphere stratosphere
have on extended-range forecast skill of the Northern Helneiie circulation. Emphasis has been put on the
role of the tropics since it is widely believed that extendadge predictions of the extratopical atmosphere
benefit from better forecasts of the MJO (d=grranti et al. 1990 Jones et al.2004 Moncrieff et al, 2007);

the influence of the Northern Hemisphere stratosphere leasdiadied in more detail in order to understand the
role that anomalies in the strength of the stratospheriarpairtex and their ‘downward propagation’ into the
the troposphereBaldwin and Dunkertoy2001; Baldwin et al, 2003 have on extended-range forecast skill.

Our results show that a reduction of forecast error in theitad troposphere has a beneficial impact on
extended-range forecast skill over the Northern Hemisphén terms of populated areas this is especially
true for North America and Western Europe. Perhaps somesungtisingly, the MJO plays a secondary role
for explaining these results. Here, it is argued that thituis to a relatively high level of predictive skill in the
current versions of the ECMWF forecasting system, bothémtiedium-range and extended-range; leaving the
relaxation relatively little work to do to suppress MJOateld forecast error.

As mentioned in the Introduction the relaxation experiraemére carried out in order guide future forecasting
system development. The tropical relaxation experimerggevearried out, for example, to see how much
forecast skill, if any, could be gained by reducing foreeasbr in tropics (e.g., by a better representation of
physical processes). Our results suggest, for examplegtiaced tropical forecast error is unlikely to increase
extended-range skill in predicting the Northern Hemisphiewpospheric circulation beyond the current skill in
the range from D+11-D+15 (Figa). Notice, however, that there a large regional variatiditgeese estimates
have to be seen as veoptimistic given that in these experiments tropical forecast erroediced to levels
unlikely to in the future.

Stratospheric relaxation experiments show that reducet#st error in the Northern Hemisphere stratosphere
leads to reduced forecast error in the troposphere belowsd hesults are consistent with previous modeling
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Figure 11: Schematic of the estimated strength of the ictégoas during boreal winter. Notice that the arrows to not
necessarily imply predictability (see text for details).

studies in which a relatively strong tropospheric respdrasebeen found to imposed stratospheric perturbations
(e.g.Boville, 1984 Charlton et al.2004 Jung and Barkmeije2006. Moreover, the stratospheric relaxation
experiments are very difficult to interpret in terms of theplied gain in tropospheric predictability. This is
because tropospheric relaxation is as efficient in redusirejospheric forecast error as is direct stratospheric
relaxation, highlighting the strong influence of the trgplesre on the Northern Hemisphere stratospheric during
boreal winter (see also, e.ddartius et al, 2009. A very illuminative discussion of difficulties in intergting
numerical experiments, in which a strongly forced compomémhe coupled system is artificially prescribed,
is given byBretherton and Battis{2000) for the atmosphere-ocean system

Our conclusions are very similar to that from the studyNwman and SardeshmukB008 using a com-
pletely different approach by diagnosing linear inverselais fitted to observational data. They find that trop-
ical influences are generally larger than stratosphericénites in terms of predictability of the extratropical
troposphere during boreal winter.

One of the potential weaknesses of the tropical relaxatiqpements is the presence of the transition zone
around 20N, where the relaxaton coefficient changes in latitudineg¢ation (see Figl). It could be argued,
for example, that the presence of the transition zone leaggutrious reflection of extratropical Rossby waves.
While it cannot be exluded that spurious reflection doesmdds worth pointing out that the tropical relaxation
is doing somethingealistic since, otherwise, extratropical forecast skill would netrbduced compared to the
experiment without tropical relaxation. One way to redudeease effects is to relax divergence and vorticity
rather than the horizontal wind componen@rdatbatch et g1.2003. Another way would be to carry out
experiments with the ECMWF 4D-Var data assimilation systerwhich all observations outside the tropics
are blacklisted. Given the computational cost of 4D-Vaadesimilation experiments it would only be possible
to look at a limited number of cases. Preliminary resultseddimited number of cases show that the two

4The atmosphere and ocean in their study correspond to thesipbere and stratosphere, respectively, discussed here.
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approaches yield very similar results thereby suggestiagthe relaxation methos employed in this study is
very effective (T. jung, manuscript in preparation).

Summarizing, the relaxation technique appears to be a \@mreful diagnostic technique in order to localize
possible ‘remote’ origins of forecast error. We applied aene technique (i) focussing more on medium-
range rather than extended-range predictions, (ii) toysthe origin of seasonal mean circulation anomalies
such as the cold European winter of 2005/06ng et al. 2009 and (iii) to understand the tropical origin of
extrattropical systematic error. Results of these studib®e reported in forthcoming papers.

Acknowledgementhe authors thank Soumia Serrar for useful discussionsigltine implementation of the
relaxation code in the IFS. The authors further benefittechfdiscussions with Mark Rodwell and Anders
Persson.

References

Baldwin, M. P. and T. J. Dunkerton, 2001: Stratospheric ingdrs of anomalous weather regime&zcience
294, 581-584.

Baldwin, M. P., L. J. Gray, T. J. Dunkerton, K. Hamilton, P. Haynes, W. J. Randel, J. R. Holton, M. J.
Alexander, I. Hirota, T. Horinouchi, D. B. A. Jones, J. S. Kansley, C. Marquart, K. Sato, and M. Takahashi,
2001: The Quasi-Biennial OscillatiofRev. Geophys39, 179-229.

Baldwin, M. P., D. B. Stephenson, D. W. J. Thompson, T. J. Ruttk, A. J. Charlton, and A. O’Neill, 2003:
Stratospheric memory and skill of extended-range weatirechsts Science301, 636—640.

Bauer, H.-S., V. Wulfmeyer, and L. Bengtsson, 2008: Theagsgntation of synoptic-scale weather system in
a thermodynamically adjusted version of the ECHAM4 geneiraiclation model.Meteorol. Atmos. Phys.
99, 129-153.

Boer, G., 1994: Predictability regimes in atmospheric fltwan. Wea. Rey122, 2285-2295.
Boer, G., 1995: Analyzed and forecast large-scale tropiv@rgent flow.Mon. Wea. Rey123, 3539-3553.

Boville, B. A., 1984: The influence of the polar night jet irettropospheric circulation in a GCM. Atmos. Scj.
41,1132-1142.

Branstator, G., 2002: Circumglobal teleconnections, ¢hatream waveguide, and the North Atlantic Oscilla-
tion. J. Climate 15, 1893-1910.

Bretherton, C. S. and D. S. Battisti, 2000: An interpretatid the results from atmospheric general circulation
models forced by the time history of the observed sea sutéanperature distributionGeophys. Res. Lett.
27, 767-770.

Charlton, A. J., A. O. O'Neill, W. A. Lahoz, and A. C. Massada004: Sensitivity of tropospheric forecasts
to stratospheric initial condition®uart. J. Roy. Meteor. Sqd30, 1771-1792.

Ern, M., P. Preusse, M. Krebsbach, M. G. Mlynczak, and J. MssRlli lll, 2007: Equatorial wave analysis
from SABER and ECMWF temperature&tmos. Chem. Phyg, 11685-11723.

16 Technical Memorandum No. 603



Diagnosing the Origin of Extended-Range Forecast Error SECMWF

Ferranti, L., T. N. Palmer, F. Molteni, and E. Klinker, 199ropical-extratropical interaction associated with
the 30—60 day oscillation and its impact on medium and exendnge prediction.J. Atmos. Scj.47,
2177-2199.

Greatbatch, R. J., H. Lin, K. A. Peterson, and J. Derome, 20$ical/extratropical forcing of the AO/NAO:
A corrigendum.Geophys. Res. LetB0(14), 1738, doi:10.1029/2003GRL017406.

Haseler, J., 1982: An investigation of the impact at middlié high latitudes of tropical forecast errors. Tech-
nical Report 31, ECMWEF, Shinfield Park, Reading, Berkshi@2P®AX, UK.

Hoskins, B. J. and T. Ambrizzi, 1993: Rossby wave propagatio a realistic longitudinally varying flow.
J. Atmos. Scj50, 1661-1671.

Hoskins, B. J. and G. Y. Yang, 2000: The equatorial respomdegher-latitude forcing.J. Atmos. Scj.57,
1197-1213.

Jones, C., D. Walliser, K. Lau, and W. Stern, 2004: The Madhl#ian Oscillation and its impact on Northern
Hemisphere weather predictabilitylon. Wea. Rey132, 1462-1471.

Jung, T. and J. Barkmeijer, 2006: Sensitivity of the trofesjt circulation to changes in the strength of the
stratospheric polar vortexMon. Wea. Reyl134, 2191-2207.

Jung, T., T. N. Palmer, M. J. Rodwell, and S. Serrar, 2009: ddstdnding the anomalously cold European
winter 2005/06 using relaxation experimenitéon. Wea. Reyp. submitted.

Jung, T. and F. Vitart, 2006: Short-range and medium-rangather forecasting in the extratropics during
wintertime with and without an interactive oceavion. Wea. Rey134, 1972—-1986.

Kaas, E., A. Guldberg, W. May, and M. Déqué, 1999: Usingléstty errors to tune the parameterisation of
unresolved dynamical scale interactions in atmospheneigé circulation modelsTellus 51A, 612—629.

Kalnay, E., 2003 Atmospheric Modelling, Data Assimilation and Predictépil Cambridge University Press.

Kiladis, G. N. and K. M. Weickmann, 1992: Extratropical fing of tropical Pacific convection during northern
winter. Mon. Wea. Rey120, 1924-19309.

Klinker, E., 1990: Investigation of systematic errors blaxation experimentsQuart. J. Roy. Meteor. Sqc.
116, 573-594.

Madden, R. A. and P. R. Julian, 1972: Description of glolealles circulation cells in the tropics with a 40-50
day period.J. Atmos. Scj.29, 1109-1123.

Madden, R. A. and P. R. Julian, 1994: Observations of the @@y tropical oscillation—a review.
Mon. Wea. Rey122, 814-837.

Martius, O., L. M. Polvani, and H. C. Davies, 2009: Blockingegursors to stratospheric warming events.
Geophys. Res. Letpp. doi:10.1029/2009GL038776,L14806.

Matthews, A., B. Hoskins, and M. Masutani, 2004: The glolesponse to tropical heating in the Madden-
Julian oscillation during northern winteQuart. J. Roy. Meteor. Sqd30, 1991-2011.

Moncrieff, M. W., M. A. Shapiro, J. M. Slingo, and F. Molter#p07: Collaborative research at the intersection
of weather and climaté//MO Bulletin 56(3), 204-211.

Technical Memorandum No. 603 17



CECMWF Diagnosing the Origin of Extended-Range Forecast Error

Newman, M. and P. D. Sardeshmukh, 2008: Tropical and sph&& influences on extratropical short-term
climate variability. J. Climate 21, 4326—-4347.

Shapiro, M. A. and A. Thorpe, 2004: THORPEX InternationaieBice Plan. In: WMO/TD-No. 1246,
WWRP/THORPEX No. Zvailable from: http://www.wmao.int/pages/prog/ardmtpex/).

Shukla, J., 1998: Predictability in the midst of chaos: Aestific basis for climate forecastingcience282,
728-731.

Straus, D. M. and Y. Yi, 1998: Interactions of synoptic andngtary waves: Scale-dependent forcing of a
GCM. Mon. Wea. Rey126, 876—894.

Uppala, S., P. W. Kallberg, A. J. Simmons, U. Andrae, V. Dat@d3echtold, M. Fiorino, J. K. Gibson,
J. Haseler, A. Hernandez, G. A. Kelly, X. Li, K. Onogi, S. Saan, N. Sokka, R. P. Allan, E. Andersson,
K. Arpe, M. A. Balmaseda, A. C. M. Beljaars, L. van de Berg, itll&, N. Bormann, S. Caires, F. Cheval-
lier, A. Dethof, M. Dragosavac, M. Fisher, M. Fuentes, S. étagnn, E. Holm, B. J. Hoskins, L. Isaksen,
P. A. E. M. Janssen, R. Jenne, A. P. McNally, J.-F. Mahfoud, Morcrette, N. A. Rayner, R. W. Saunders,
P. Simon, A. Sterl, K. E. Trenberth, A. Untch, D. Vasiljevie, Viterbo, and J. Woollen, 2005: The ERA-40
re-analysis.Quart. J. Roy. Meteor. Sqd31, 2961-3012.

Vitart, F., 2004: Monthly forecasting at ECMWMon. Wea. Rey132, 2761-2779.

Vitart, F., S. Woolnhough, M. Balmaseda, and A. Tompkins, 20®onthly forecast of the Madden-Julian
Oscillation using a CGCMMon. Wea. Rey135, 2700-2715.

von Storch, H., H. Langenbeck, and F. Feser, 2000: A speutidging technique for dynamical downscaling
purposesMon. Wea. Rey128, 3664—-3673.

von Storch, H. and F. W. Zwiers, 1998tatistical Analysis in Climate Researd@ambridge University Press.
484 pp.

Yanai, M., B. Chen, and T. W.-W., 2000: The Madden-Julianllagon observed during the TOGA COARE
IOP: Global view.J. Atmos. Scj57, 2374-2396.

18 Technical Memorandum No. 603



	1 Introduction
	2 Methodology
	2.1 Monthly forecasts
	2.2 Relaxation formulation

	3 Results
	3.1 Tropical forecast error
	3.2 Northern Hemisphere forecast error
	3.2.1 Regional impacts of tropical and stratospheric relaxation
	3.2.2 Further exploring the tropical influence
	3.2.3 The role of the Madden-Julian Oscillation


	4 Discussion

