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Abstract: Analysing the evolution of ensemble forecast spread, wigphesents the growth of errors in the initial field and tfanee
uncertainty of forecasts for subsequent fields, is usefutfmntifying particular circulation features that can iaepthe forecast skill
of a subsequent phenomenon of interest. In this study, idjgetr of a major stratospheric sudden warming (SSW) evesgrvied
in late January is investigated by applying a singular valeeomposition analysis and a simple sensitivity analysthé spread
of a set of operational long-range ensemble forecasts. Malyses show that the predictability of the SSW event isipdérly
sensitive to uncertainty in the initial state in the vigindf a developing synoptic-scale cyclone that was observed thhe North
Pacific more than two weeks prior to the peak of the event. Allowximum of initial errors identified around the cyclonews
in time as the forecast errors increase. After its trarmtaith correlation with observed downstream developmenyobptic-scale
disturbances, the spread maximum reaches the subpoldr Aitethtic, where a blocking ridge is observed to develofhassburce
of an upward-propagating Rossby wave packet that givedaisiee deceleration of the stratospheric polar-night j&JP The
largest forecast errors then extend upward with the wavkgbacausing pronounced uncertainty in the predicted gtheaf the
PNJ deceleration. The present study suggests the Pacifaneyas an important trigger of the prominent SSW event, ooirfg
the importance of the key dynamical processes discussee dhat caused the event.
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1 Introduction within a few days. It is now established that SSW events,

regarded also as manifestations of extreme negative events

During a stratospheric sudden warming (SSW) event, th .
g P 9 ) ofethe stratospheric Northern Annular Mode (NAM), act

stratospheric polar vortex warms up by several tens of . . .
P P P by to turn the phase of the tropospheric NAM into negative

degrees. A westerly polar-night jet (PNJ) concomitant%aldwin and Dunkerton, 1999, 2001 Limpasuveh

weakens and, in prominent events, reverses its directia?n 2004). Thus forecast errors of an SSW event may
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2 K. NISHII AND H. NAKAMURA

the tropospheric circulation, as suggested by ensemipten a tropospheric anticyclonic circulation anomaly over
forecast experiments by Charltehal. (2004, 2005) and the subpolar North Atlantic was found to be the primary
by Mukougawa and Hirooka (2008). contributor to the enhanced injection of planetary-wave

activity into the stratosphere. The tropospheric anticy-
An SSW event has been shown to occur due to

o clonic anomaly amplified due to anomalous vorticity flux
anomalous amplification of upward planetary waves from

divergence associated with synoptic-scale transienesddi
the tropospheree(g., Matsuno 1971). In order to exam-

) ) along the Atlantic storm track. Their intensification over
ine how the forecast skill of SSW events depends on the

o ) ] ) the Atlantic was found to follow the downstream develop-
tropospheric circulation, a series of studies has recently

) ) ment of synoptic disturbances from the North Pacific.
been conducted by using operational ensemble forecasts

produced by the Japan Meteorological Agency (JMA). The aim of this study is to analyse the growth of

For example, Mukougawet al. (2005) have shown thatlnltlal errors in the individual members of the JMA opera-

the formation of a blocking ridge over the North Atlanti(t:Ional ensemble forecasts over the two weeks prior to the

was important for the enhancement of upward propagat%a}lrtlcu'ar SSW event. By tracing the three-dimensional

L volution of the ensemble forecast spread and conduct-
of planetary-wave activity into the stratosphere and thie P

warming of the polar stratosphere observed in Decembet 2 singular value decomposition (SVD) analysis and

2001. Mukougawat al. (2007) have confirmed the abovg simple sensitivity analysis for the ensemble members,

. . e .. we show that the large ensemble spread in the inten-
result through hindcast experiments with initial condiso 9 P

in which the observed blocking flow configuration WassIty of the stratospheric PNJ predicted in the SSW event

artificially perturbed. The JMA ensemble forecast progl-rISeS largely from the forecast spread in the Rossby wave

. . . cket emanating upward from the tropospheric anticy-
ucts were also used for examining the predictability S8 g up posp 4

. . lonic anomaly over the Atlantic. We al how th
other prominent SSW events (Mukougawa and Hwook%? ¢ anomaly over the Atlantic. We aiso show that

2004: Hirookaet al. 2007). the prediction skill of the anticyclonic anomaly is par-
ticularly sensitive to initial errors around the synoptic-

In this paper, we present a case study on the pie e cyclone developing over the North Pacific about two

dictability of a major SSW event observed in Janualyaoks before the peak of the SSW event. We confirm
2006 (Manneyet al. 2008). Prior to this event, the zonaly,ege relatively large analysis errors around the pagticul

mean PNJ had gradually weakened from late Decempg|one by investigating an experimental reanalysis data

2005. This weakening associated with several eventsg@f it includes information on the accuracy of the anal-
enhanced upward propagation of planetary-wave acgi;g—ls

ity from the troposphere. Nishiét al. (2009; hereafter

NNMO09) have found that those events were contributed

to significantly by zonally-confined Rossby wave pacle- Data

ets propagating into the stratosphere from tropospheric

guasi-stationary circulation anomalies. In one of the3ée ensemble forecast product utilized in this study was

events that occurred just before the PNJ had become easiduced by the IMA Operational Monthly Forecast Sys-

erly in mid-January, a Rossby wave packet that emanatech (JMA, 2002). Resolution of the forecast model is
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THREE-DIMENSIONAL FORECAST SPREAD EVOLUTION 3

T106L40. The model has 13 vertical levels above the 1Gfes not emerge in the JRA-25 and JCDAS data as long
hPa level, and the model top is placed at the 0.4-h&=observational data are available in the stratosphexe, th
level. Initial perturbation fields were constructed thrbugensemble forecasts may suffer from such a bias in a sig-
a combination of the Breeding of Growing Modes (BGMjificant manner.
method (Toth and Kalnay, 1993) and the Lagged Average
Forecasting (LAF) method (Hoffman and Kalnay, 1983%. Uncertainty in the predicted PNJ
Routine forecasts are performed every Wednesday and
Thursday. We use a particular set of the JMA forecastigure 1(a) shows a time series of 20-hPa zonal-mean
with their initial fields for 11 or 12 January 2006. For eackPnal wind velocity for the individual ensemble forecast
of the initial dates, six different (“positive”) perturbian members operated by the JMA with their initial conditions
fields were generated by the BGM method. The ensemigiken from the observations on 11 or 12 January 2006
members were doubled by adding the same perturbatitgfl and blue lines). The spread of the predicted wind
fields but with their polarity reversed (“negative”). Wittvelocity among the members increases rapidly with time
the unperturbed initial field included, the total number &1 the period between 21 and 28 January, during which
the ensemble members is thus 13 for each of the inifia observed 20-hPa PNJ (a dashed black line) under-
dates. Unless otherwise noted, the ensemble memberswigint the most rapid deceleration during the SSW event.
tialized on 11 and 12 January are combined togetherGarrespondingly, the forecast spread is also large in the
our analysis. This is because the members started orz@nally-averaged meridional eddy heat flux at the 100-hPa
January can be regarded as if they were initiated on lgzel (Figurel(b)). The heat flux is equivalent to a vertical
January, with initial perturbations developing from thog®wmponent of the Eliassen and Palm (E-P) flux based on
for 11 January. This interpretation is consistent with tfiée quasi-geostrophic, beta-plane formulation (Andretws
basic idea of the LAF method. Forecast spread among &he1987). The flux can therefore be regarded as a mea-
ensemble members is regarded as a measure of uncert&wt§ of the upward injection of planetary-wave activity
in the forecasted fields. The spread is defined at each g the troposphere that caused the PNJ deceleration.
point as the variance of a particular variable among t&ny of the members can predict the amplification of the
ensemble members about its ensemble mean. flux until around 17 January. Although the observed heat
flux remains as large as 20 K nr’sfor the next several
Observational fields for the verification have beatays, most of the ensemble members apparently underes-
provided by the JMA Climate Data Assimilation Systertimate the flux, especially after 20 January. Presumably
(JCDAS), as a continuation from the Japanese 25-y#as underestimation causes the misforecast of the PNJ
Reanalysis (JRA-25; Onogit al. 2007). The ensembledeceleration after 21 January in most of the ensemble
prediction system operated around the SSW event carembers. One may notice that the heat flux predicted in
sidered in this study used the same forecast model aséneral ensemble members is greater than its observational
the JRA-25 assimilation system, which is reported to haseunterpart (Figuré(b)), but these members nevertheless
a cold bias in the lower and middle stratosphere (Onagiderestimate the PNJ deceleration (FigL(ed). As will

et al. 2007). While a cold bias in the assimilation systelve discussed later, this could be due to the stratospheric
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4 K. NISHII AND H. NAKAMURA

cold bias in the numerical model used for the JMA ensemeted as the source of the Rossby wave packet that prop-
ble forecasts we analyse in this study. agated into the stratosphere (NNMQ9). In fact, as the
tropospheric anticyclonic anomaly weakened, the strato-
spheric cyclonic anomaly over western Europe (around
4 Three-dimensional evolution of the forecast spread the Greenwich Meridian) amplified with their phase lines
tilting westward with height (Figure3(a) and3(b)). These
On 16 January, just before the onset of the rapid Phdtures are indicative of upward group velocity propa-
deceleration (Figuréi(a)), the lower-stratospheric polagation of a Rossby wave packet. Interestingly, unlike in
vortex had already been weakened and split (Fig@@®). the troposphere, the ensemble spread in the stratosphere
In fact, anticyclonic anomalies at the 50-hPa level wekgnot maximised near the centre of the cyclonic anomaly
observed over the Arctic and the North American coat each level. Rather, it is maximised around node lines
tinent (contoured in Figure(d)). Here, anomalies areof the height anomalies on the upstream and downstream
defined as local deviations from the climatology defingge of the centre (Figure¥(b) and3(c)). Furthermore,
for each calendar day based on the JRA-25 data for the cyclonic anomaly centre over Europe for each of the
period 1980-2003. Shading in Figuggd) indicates the ensemble members, which is defined as the strongest neg-
horizontal distribution of the ensemble forecast spread fgive deviation of 50-hPa height from the observed clima-
16 January in the lower stratosphere. Because its maflogy and plotted with a black dot in Figuré¢d) and
nitude increases with time, the local spread for a give(e), tends to displace farther from the observed cyclonic
forecast day has been normalized by its instantanee®maly centre, as the forecast spread extends upward
maximum within the domain (poleward of 28). It is into the stratosphere (from 16th to 20th of January). We
apparent in Figuré(d) that the large spread is confined tehus conjecture that the forecast spread extends into the
the subpolar North Atlantic. Although the area of the larggratosphere in correlation with the Rossby wave packet
forecast spread in 50-hPa height gradually expands h@at contributed to the SSW event, probably reflecting
izontally, the spread maximises over the subpolar NofHftonsistencies in its magnitude, group velocity and/or
Atlantic throughout the period of the rapid PNJ decelafavelengths simulated among the ensemble members.
ation from 20 to 28 January (Figuréée) and2(f)). As |n fact, Figurel(b) indicates that as the forecast spread
shaded in Figures, the ensemble forecast spread ovektends into the stratosphere after 16 January, underesti-
the North Atlantic and Europe (6W-60°E) undergoes mation of the wave-activity injection into the stratosgher
upward extension from the troposphere into the straifecomes apparent in many of the ensemble members.
sphere at the onset stage of the PNJ deceleration (note that
the spread and anomaly are normalized by the pressure in As NNMO09 pointed out, the tropospheric blocking
the figure). On 16 January (Figug¢a)), the particularly ridge and associated anticyclonic anomaly over the sub-
large spread (plotted with heavy shading) is confined piolar North Atlantic (Figuregi(b) and4(d)), from which
the vicinity of a tropospheric anticyclonic anomaly arouritie ensemble spread extends into the stratosphere (Figure
40°W associated with a prominent blocking flow configus), developed by 16 January in association with down-

ration over the North Atlantic (Figuré(b)). The anomaly stream development of synoptic-scale disturbances from
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THREE-DIMENSIONAL FORECAST SPREAD EVOLUTION 5

the North Pacific into the North Atlantic. The downstreawelocity of the observed wave packet as estimated in Fig-
development can be confirmed in 250-hPa geopotentied 5(b). Eastward translation of forecast errors across
height and squared meridional wind fields shown in Fithe North American continent associated with the down-
ures5. The height contours over the Pacific were almostream development of synoptic-scale disturbances has
zonal on 11 January (Figuré&)). The wave packet assobeen reported by Langlanet al. (2002). In the case
ciated with meandering westerlies emerged on 12 Januidigy analysed, the eastward propagation of the errors was
over the central Pacific and then propagated downstref@ster than the phase speed of synoptic-scale troughs and
until blocked by the developing anticyclonic ridge oveidges and slightly slower than a wave-packet propaga-
the Atlantic around 15 January. Observed maxima of ttien, consistent with our analysis. Our analysis is also
squared 250-hPa meridional wind velocity associated witbnsistent with the result of Rabiet al. (1996), who

this wave packet (Figurg(b)) exhibit a signature of groupshowed that forecast errors propagate downstream from
velocity propagation across the North Pacific and Atlantice North Pacific or North America as far as into Europe
from 12 to 16 January. As indicated in Figiiieerude esti- in a comparison of forecasts started from routinely con-
mations of the group velocity (rectangle with solid linedtructed analyses with those from initial values improved
and phase speed (dashed line) based on Figimeare by the adjoint method.

about 32 and 7 in longitude per day, respectively. The

On 12 January, one of the initial dates for the ensem-

former appears to correspond to the zonal group veloc- .
ble forecasts we analysed, local maxima of the ensemble

ity of a baroclinic wave packet (Chang 1993), while the _ . _
spread in 250-hPa geopotential height are found not only

latter is in agreement with typical zonal phase speed of N .
over the North Pacific but also over North Africa and

synoptic-scale baroclinic waves (Wallagteal. 1988). o
South Asia (Figurel(c)). However, the growth of any of

the latter two spread maxima is less than that of the North

. Pacific maximum located just downstream of the partic-
Downstream extension of the ensemble forecast

. ) ular cyclone that appears to be the origin of the “down-
spread maximum in the troposphere has been reported

_stream development” of the ensemble spread. The corre-
by Anwenderet al. (2008) and Harret al. (2008). This

o ) ) ) sponding spread maximum is also observed in SLP over
extension is also observed in our analysis associated with

) ) the North Pacific around the particular surface cyclone
the downstream development of migratory synoptic-scale

disturbances. In fact, the local maximum of the enser(r?—Ot shawn).

ble spread in 250-hPa meridional wind velocity appears In this section, we have traced the evolution of the

to translate zonally across the Northeastern Pacific ratepread maximum. The spread maximum first appeared
slowly (about 8 per day; dashed line in Figuic)). In as initial errors around the Pacific cyclone, then trans-
addition, the downstream extension of the large forectestied in correlation with the observed downstream devel-
spread is suggested, as indicated by a rectangle witbpment from the Pacific as far as the Atlantic blocking

solid line in Figure5(c). The speed of this downstreanmigh. Finally, the spread maximum propagated into the

extension into the Atlantic is about 26n longitude per stratosphere in association with the observed Rossby wave

day, which is similar to but slightly slower than the groupacket emanated from the blocking high, resulting in the
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6 K. NISHII AND H. NAKAMURA

forecast errors of the SSW event. ensemble members that predict realistic PNJ decelera-

tion tend to overestimate the blocking intensity in the

5 Cluster analysis among the ensemble members JMA forecast model suggests that unrealistically strong
upward flux of planetary-wave activity may be necessary

The “group-velocity propagation” of the forecast spreaf the forecast model for decelerating the PNJ as much
shown in the preceding section (Figusc)) may rep- as in the real atmosphere associated with the SSW event.
resent inconsistency among the ensemble membersriifls may be due to the cold bias in the forecast model
phase and/or amplitude of eddy components develop{@hogiet al. 2007), which can introduce an artificial ten-
downstream. To confirm this, a cluster analysis basgéncy for stratospheric temperatures to resist against the
on the Ward method (Ward, 1963) was applied to 25@arming induced by incoming planetary waves from the
hPa geopotential height over the Pacific predicted by {igposphere. These results imply that mechanisms for the
ensemble members for 14 January (Figl(@). The anal- amplification and propagation of the planetary waves in
ysis domain is (180300°E and 20N-60°N), and pat- ensemble members that predict an SSW event successfully
tern proximity between a pair of clusters is measured Ryay not necessarily be the same as in the real atmosphere,

Euclidean distance. if the forecast model has a non-negligible bias.
After several trials, we found the ensemble members
to be categorized into two clusters, one (Cluster A) ch%r- SVD analysis
acterized by relatively fast phase speed and small ampli-
tudes of synoptic-scale disturbances (red contours in FAg-singular value decomposition (SVD) analysis was
ure 1(c)), and the other (Cluster B) by their slower phaspplied to all the 26 ensemble forecast members, in order
speed and larger amplitudes (blue contours). It is notewtar-confirm the relationship between the development of
thy that in Cluster A, the blocking high over the Nortlthe Atlantic anticyclonic anomaly (Figurgb)) and initial
Atlantic, which is regarded as the source for the upwarekrors or other forecasted fields. An SVD analysis is often
propagating wave packet (Figur8sand 4(b)), tends to applied to time-varying fields of two variables, in order to
develop more strongly with more pronounced polewaextract their dominant co-variability based on their tem-
meanders of the westerlies than in Cluster B and in theral covariance matrix (Brethertat al. 1992). In our
observations as well (Figui&d)). This feature is particu- application, SVD is applied to a matrix whose element
larly obvious in 2 members of Cluster A for which the PNi$ the covariance between deviations of a given variable
deceleration is successfully predicted (red heavy daskedong the 26 members from its ensemble mean at a given
lines in Figurel(a)) and the tropospheric westerlies adecation for a particular forecast time and the correspond-
predicted with pronounced poleward meanders over iihg deviations of any variable at any location for any fore-
Atlantic (red heavy dashed contours in Figli(d)). These cast time. In each of our applications, every field has been
two members predict the upward wave-activity flux that iormalized by its standard deviation among the ensemble
stronger than in the observations (Figl(®)), although members, and therefore the matrix is eventually a cross-
the predicted PNJ deceleration is nevertheless compa@relation matrix. We focus on the leading SVD mode

ble to the observations (FigurHa)). The fact that the that has the largest singular value and therefore explains
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THREE-DIMENSIONAL FORECAST SPREAD EVOLUTION 7

the largest fraction (more than 40% in our applications) disturbances (Figures(a) and5(b)). The corresponding
their spatially-integrated squared covariance. maximum sensitivity in 1000-hPa geopotential height on

12 January is located over the central North Pacific (Fig-
A set of SVD analyses was performed between the
) ) ] ure 6(d)). Again, this positive signal is located slightly
ensemble of 250-hPa geopotential height fields forecasted
] upstream of a surface pressure ridge and downstream of
for 16 January over the subpolar North Atlantic (2E0
) ) the surface cyclone, as represented by heavy solid and
357.8E, 40°N-85°N), where the prominent blocking was
dashed contours, respectively, in Figé(d).
observed, and the same or other forecasted fields over

the entire extratropical northern hemisphere (northward
This SVD result indicates that the synoptic-scale

of 20°N). Each panel of Figuré shows a hemispheric

cyclone over the North Pacific is one of those circulation
map of the heterogeneous regression coefficient of a given

systems in the initial state to which the amplification of
variable for a particular forecast time calculated with the

the North Atlantic blocking ridge in the forecast for 16
normalized expansion coefficients of the first SVD mode

January is most sensitive. More specifically, the positive
for the 26 members of the 250-hPa height over the North

height signal just upstream of the pressure ridge suggests
Atlantic forecasted for 16 January. In each of the panels

that the synoptic wave packet that consists of the pres-
(@), (b), (d) and (e), we can identify regions where the

sure ridge and trough over the North Pacific tends to be
forecast spread or initial error is strongly related to the

shorter in zonal wave length for the ensemble members
spread of the blocking signature over the subpolar North

with stronger development of the North Atlantic block-
Atlantic forecasted for 16 January. In panels (f) and (g) of

ing on 16 January, and vice versa. A wave packet with
Figure 6, we can also identify regions where the spread

shorter wave length tends to accompany stronger fluctu-
of the blocking signature forecasted for 16 January influ-

ations in meridional wind velocity and thus the stronger
ences the forecast spread at a later forecast time most

zonal component of a wave-activity flux than that with
sensitively. The corresponding heterogeneous regression

longer wave length. In fact, the corresponding positive
map (Figureb(c)) of 250-hPa height forecasted over the

signal of 250-hPa meridional wind is found over the
North Atlantic for 16 January with the expansion coef-

observed southerlies over the North Pacific (Figh(ed).
ficients of the first SVD mode represents uncertainty in

The enhanced meridional wind velocity yields stronger
the forecasted intensities of the blocking and concomitant

downstream development across the Pacific and North
upstream wave signal.

America, which can lead to enhanced development of the

Figure 6(a) indicates that the large forecast spreadlantic blocking.
in 250-hPa height over the North Atlantic for 16 January
is particularly sensitive to initial errors in 250-hPa Hig The same SVD analysis as above but for the hemi-
over the North Pacific on 12 January. Specifically, a pospheric field of 250-hPa height forecasted for 14 January
tive signal in Figures(a) is located slightly upstream of ar(Figure 6(b)) reveals that significant positive and nega-
anticyclonic ridge observed near the date line and dowtive signals of geopotential height along the east coast
stream of the pressure trough that has been identifiecbadNorth America forecasted for 14 January are sensi-

the origin of the downstream development of synoptiively related to the strength of the North Atlantic bloogin
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8 K. NISHII AND H. NAKAMURA

forecasted for 16 January. These positive and negative $ig-20 January (Figurg(e)) arises probably from the fore-
nals are located slightly upstream and downstream of@st errors in the strength of the tropospheric blocking
observed pressure trough off the east coast of Canadaidge over the North Atlantic. Our SVD analysis shown in
comparison with Figuré(c) indicates that these signalgiguress(a-g) has revealed the relationship between fore-
are a manifestation of the sensitivity of the blocking ridgsast spread in the intensity of the blocking ridge over the
development to the longitudinal position of the pressuiprth Atlantic on 16 January and that in other fields on
trough to its upstream that constitutes the wave packee days before and after 16 January. The co-variability of
propagating from the Pacific. the leading SVD mode for each of the pairs explains more

than 40% of the total covariance squared.

The same SVD analysis with the forecasted 250-hPa Finally, a similar SVD analysis was applied to hemi-

height over the subpolar North Atlantic was also appliedggheric fields between 250-hPa height on 12 January and

the upward fluxes of Rossby wave activity (Plumb, 1988} hpa height on 28 January, when the observed PNJ was

evaluated for 18 January at the 100-hPa level based Qs strongly westward (Figutga)). In a heterogeneous

the individual forecast members (Figué€)). The anal- regression map (Figuré(h)), a positive signal in 250-

ysis indicates that the wave-activity flux into the stratgp, height is again found for 12 January over the North
sphere from the tropospheric anticyclonic anomaly OVBhcific, as in Figures(a) but slightly downstream. The

the North Atlantic tends to increase with the amp"t“dfo-variability of the particular leading mode, however,

of the anomaly (Figuré(f)). Taking it into consideration gy jains only 24% of the total covariance, because of the

that the upward wave-activity flux formulated by Plumeaier correlation between the two fields reflecting the

(1985), if zonally averaged, is equivalent to the “pwafgnger lead time.

E-P flux, this result is in agreement with the tendency

observed in Figurel that the stronger meander of the

tropospheric westerlies over the North Atlantic is more Simple sensitivity analysis

favorable for the stronger upward wave-activity propa-

gation into the stratosphere. Our SVD analysis furth& substantiate the aforementioned results further, we
demonstrates that large forecast spread in 50-hPa heitftve conducted a simple sensitivity analysis as introduced
over the North Atlantic for 20 January (Figug$e)) is by Enomotoet al. (2006, 2007). The analysis utilizes
most sensitive to the amplitude of the tropospheric block-result of an ensemble forecast to identify initial per-
ing ridge forecasted a few days earlier (Figé(tg)), in a turbations that can grow optimally into a given verifica-
manner consistent with its sensitivity to the magnitude @én region over a given forecast period. We first give a
the upward wave-activity flux (Figuré(f)). The strongest brief explanation of the analysis, following Enomab
sensitivity and maximum forecast spread in 50-hPa heigiht(2006).

for 20 January are identified around the node of the circu- Suppose that time evolution of theth ensemble
lation anomalies actually observed (Figi(e)), suggest- member{= 1,2, --- ,m) may be expressed as

ing that the large uncertainty in the position of the 50-hPa

cyclonic anomaly centre among the ensemble members z; = My, (1)
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THREE-DIMENSIONAL FORECAST SPREAD EVOLUTION 9

wherey; andz; are initial and forecasted perturbationsespectively, of dry airZ,. andp, signify the reference
respectively, and/ denotes a mapping operator. Note thabalues of temperature and pressure, respectively, at the
the perturbations here are defined as deviations from sheface,A denotes the area of the domain specified for
unperturbed member but not from the ensemble averagealysis, and’ is an operator that symbolically represents
With matricesY” and Z that consist ofy; andz;, respec- the particular energy norm defined for the domain. In
tively, as their columns, linear combinations of the iditiaur analysis, the operator matriX in Equation ) was
and forecasted perturbations can be expressed as chosen in such a manner that dry total energy of the
initial perturbations was integrated horizontally ovee th
Yy=p1y1 +p2y2 + -+ pmym =YP (2) northern hemisphere poleward of °B0 and vertically
between the 1000- and 100-hPa levels for each of the
and initial dates of the forecast (11 or 12 January). Likewise,
z=piZ1 + 222+ + PmZm = ZP, (3) the operatorif was defined for expressing the dry total
respectively, with a vectop that consists of the coe ﬂi_energy of the forecast field over a given verification
cientsp;. Then one can find a particularthat maximises domain as specified below.
the norm ofz (||z|) in the verification region under the  To find p that maximises|z||?, the Lagrange multi-

constraint that the norm of (||y||) equals to unity. Here, plier method was used for finding extrema of the following

|ly||? and||z||? are defined as function,
lylI* =<y",Gy >=p"Y"GYp, (4) Ffiy,\) =pTZTHZp — ApTYTGYp —1). (7)
and Since H and G are symmetric, differentiating’ with
lz||*> =< 2z”, Hz >= p? ZT HZp, (5) respect top:
whereG and H are positive definite symmetric matrices. f(y,\)

o= 20ZTHZp - \XYTGYp)=0  (8)
In our application, the norm of an arbitrary perturbation p

is defined in terms of dry total energy as . .
y 9y leads to a generalized eigenvalue problem

Ix[? = <x', Fx>

1
_ 5//A{U/2+U/2
C

p/s 2
+ =272 4 RT,.(=2)?}dAdp,
T, (p ) }

T

ZTHZp = \XYTGYp. 9)

©6) By substitutingp as obtained as a solution of Equation

(9) into Equation ), we can identify initial perturba-

wherew/, ', T' andp’, denote perturbations in the zondlions that will evolve into the most developed perturbation

and meridional wind velocities, temperature and surfa@¥e" the given forecast within the verification domain.

pressure, respectively. In Equatic),(C,, and R denote We used only the first eigenvector for each of our anal-

the specific heat at constant pressure and the gas cons¥&ht, @S discussed below, whose eigenvalue accounts for

nearly 40% of the sum of all the eigenvalues. Thus one
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10 K. NISHII AND H. NAKAMURA

may infer that any local areas with particularly large inii in Equation b) determined for the entire stratospheric
tial perturbations in terms of dry total energy (Equatigmolar and subpolar domain (100- to 10-hPa levels and
(6) but without horizontal integration) are the most sepoleward of 50N) on 28 January, when the observed PNJ
sitive domains for the forecast over the given verificatiomas most strongly westward (Figui€a)). Even for the
domain. In Figurer, areas of particularly large values oforecast period longer than two weeks (15 to 16 days in
dry total energy associated with the particular initial-pethis case), the maximum sensitivity of the stratospheric
turbations thus obtained are highlighted with shading. forecast to the initial perturbations is found again around

Ideally, the analysis requires a large number of indt(Q-e cyclone over the central North Pacific (Figurs)

pendently perturbed forecast members. As noted in 53297(d))' Infact, our analysis in sectichhas suggested

tion 2, however, only six members have been indepetﬂgt the particular surface cyclone acted as the origin of

dently perturbed out of the 12 perturbed members for eatE]I‘w3 downstream development” of the ensemble spread.

of the initial dates in the JMA ensemble forecast we u i_|gures7(c) and 7(d) suggest that observational errors

lize. Still, there are totally 64 26) combinations that around the particular cyclone is one of the factors that

can be formed for our sensitivity analysis by assigning thneduce large discrepancies in the SSW prediction among

) . e - - the ensemble members. The maximum sensitivity over the
polarity (either “positive” or “negative”) of the six inde-

pendently perturbed members. For each of the 64 Comlbllqrthwestern Pacific is consistent with Buizza and Palmer

nations, we evaluated the vertically-integrated totatgye (1995), who showed that the particular region is one of the

locally (based on Equatiors) without horizontal inte- most dynamically unstable areas as indicated by singular

gration) by solving Equation9j for the first eigenvectorvecmrs'

before taking their average.

As the first exercise of our sensitivity analysis, th . .
y y § Evolution of analysis spread
verification time and domain were set to be 16 January and

a region over the subpolar North Atlantic (SE3340°E In the preceding sections, we have suggested that the

N), respectively. In that domam,theforecasésw event in January 2006 is particularly sensitive
spread for that day is largest (Figuééb)) in correlation

and 50N-65°

to initial errors around the cyclone over the North

with the developing blocking anticyclone. The matri Pacific. In order to examine whether the large uncer-

in Equation ) was determined to represent dry tOt%Ia\inty of the initial field is owing to an unstable

energy integrated horizontally over the subpolar Norﬁ%w configuration around the cyclone, we used the

Atlantic and vertically between the 1000- and 100'hFc)i%in circulation data derived from the AFES-LETKF

levels. As shown in Figureg(a) and7(b), the forecasted experimental ensemble reanalysis (ALERA: Miyoshi

blocking high intensity is particularly sensitive to th%nd Yamane, 2007: Miyoshét al. 2007; available

initial perturbations for either 11 or 12 January in thgt http:/Awww.jamstec.go.jplesc/afes/aleral), whereada

vicinity of the surface cyclone migrating eastward over t%%similation is based on Local Ensemble Transform

North Pacific, as discussed in the preceding sections. Kalman Filter (LETKF: Huntet al. 2007) performed on

The same analysis was repeated but with the matitte AGCM for the Earth Simulator (AFES; Ohfuchi
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THREE-DIMENSIONAL FORECAST SPREAD EVOLUTION 11

al. 2004, 2007). This reanalysis provides us with anal§2007) and Inouet al. (2009), who showed that ALERA-
sis and uncertainty in time-evolving flow fields in termbased spread develops horizontally and vertically from
of spread among the ensemble members. Miyeslal. local domains with relatively poor observations. In Figure
(2007) showed that the accuracy of ALERA in the trop®; the analysis spread almost diminishes over the North
sphere is overall comparable to the NCEP/NCAR rean&lmerican continent, where more observations are avail-
ysis (Kalnayet al. 1996) except over Antarctica and thable for ALERA than over the Pacific. This may mask the
southern ocean. Since ALERA does not assimilate safielst downstream extension of spread maxima in ALERA
lite observations except satellite-based sea-surfacd wiollowing the group velocity propagation of the observed
data, it tends to be less accurate over the ocean than ovare packet (solid lines of Figuréga) and5(b)). Never-
land (Miyoshi and Yamane, 2007). Over maritime regiontheless, the ALERA-based spread in the troposphere over
uncertainty as measured by ALERA-based spread tends® subpolar North Atlantic suddenly increases around
be larger than the corresponding uncertainty in the JIM& January (Figur8), concomitant with the development
operational analysis in which radiance observations bf/the prominent anticyclonic anomaly observed on the
satellites are included. arrival of the wave packet from the Pacific. Correspond-
ingly, ALERA-based spread in the stratosphere around 16
January was also maximised over the North Atlantic (not
On 11 and 12 January (Figu, the ALERA-based shown), in agreement with the JMA forecast spread (Fig-
spread, as a measure of uncertainty of the analysis dgtas5 andé6).
over the North Pacific is maximised in the vicinity of
the particular developing cyclone discussed above. This is
probably because in the course of the data assimilatiordin Concluding remarks
ALERA, uncertainty in the six-hourly forecasts due to an
unstable flow configuration associated with the develdptilizing a product of the JIMA monthly ensemble forecast
ing cyclone could not be reduced due to the lack of enougystem, we have examined the time evolution of forecast
free-tropospheric observations over the ocean. Thistrespread among the ensemble members during the devel-
supports our hypothesis that large uncertainty in the intepment of a major SSW event observed in late January
sity and/or the central position of the cyclone adds sor8@06. As the source of particularly large ensemble fore-
difficulties to the particular SSW forecast. In fact, Figureast spread (i.e., uncertainty in the forecast) for the SSW
9 shows that the ALERA-based spread maxima idengvent, we have identified errors in the initial state in the
fied around the cyclone translate downstream across thenity of a synoptic-scale cyclone developing over the
North Pacific as far as 12W with speed of about®8in North Pacific about two weeks before the SSW event. In
longitude a day, following the migration of the particulagrowing as forecast errors for the following several days,
low-pressure system. This relatively slow developmentibie initial errors are translated eastward into a blocking
uncertainty following the particular cyclone can also b&lge over the subpolar Atlantic and then upward into
seen in the IMA ensemble forecast spread (dashed linthia stratosphere to cause the large forecast spread in the

Figure 5(c)). Our result is consistent with Motekt al. PNJ deceleration. This three-dimensional propagation of
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12 K. NISHII AND H. NAKAMURA

the forecast errors is associated with downstream dewally over five winters, more SSW events must be anal-
opment of synoptic-scale disturbances observed in the tyeed to assess their influence on the predictability of the
posphere and then with upward propagation of a Rosghypospheric circulation system.

wave packet, both of which have been identified as impor-

tant dynamical processes for the occurrence of the packnowledgements
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Figure 1. (a) Time series of 20-hPa zonal-mean zonal wind (W averaged over SIN-80°N. Solid lines without any symbols denote the
individual ensemble members starting on either 11 or 12alg2006. The thick dashed line denotes observation bastétearanalysis
data (JCDAS). The line with circles denotes the ensembleagee which is shown only in this panel. (b) The same as inkaf) for
zonal-mean 100-hPa eddy heat flux averaged ov&XSD°N, where eddy components of meridional wind velocity andpgerature are
defined as deviations from their zonal averages. (c) 104@blimes of 250-hPa geopotential height predicted in tikvidual ensemble
members for 14 January (solid lines) and the correspondisgreation (dashed black line). (d) The same as in (c), but6aJanuary.
In each panel, individual ensemble members are classiftedvwo groups based on a cluster analysis of 250-hPa gedjabteeight on
14 January over the region (18800°E, 20°N-60°N) as shown in (c). The clusters indicated by red (clusterrg) blue (cluster B) lines
include 7 and 19 members, respectively. Thick, red dashed in each panel highlight the two members that apparemtisegded in the
prediction of PNJ deceleration in (a).
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(a) 250 16jan2006 (b) 250 20jan2006 (c) 250 28jan2006

(d) 250 16jan2006

Ve SN

Figure 2. (a-c) 50-hPa geopotential height (contour ire200 m) observed on (a) 16, (b) 20 and (c) 28 January 206 L@cal spread
of 50-hPa geopotential height predicted for (d) 16, (e) 20 @n28 January 2006 (shaded for lightly and heavily for 086 and values
greater than 0.6, respectively), superimposed on obsé&@4tdPa height anomalies (contoured 4680, +240,4+400,4+560 m; dashed for
negative values). The local spread has been normalized lstantaneous maximum within the domain poleward 6f\20n (d) and (e),
black dots indicate the centres of 50-hPa cyclonic anomaler Europe predicted in the individual ensemble members.

| (hPa) (a) 16/an2006 . (nPa) (b)18[an2006 . (hPa) (c)20jan2006
0

A LA !
180 120W 60W 60E 120E 180 180

Figure 3. Zonal cross sections for B0 of the local ensemble spread of geopotential height prediitor (a) 16, (b) 18 and (c) 20

January 2006, shaded lightly and heavily for 0.03-0.3 ahdgeggreater than 0.3, respectively. Superimposed wittocos are observed

geopotential height anomalie$80,+90,4+-150,+210,4+270 m ; dashed for negative). At each presspjégvel, the spread and anomaly
are multiplied by(p/1000h Pa) and the square root of it, respectively.
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(a) 2250 12jan2006 (b) 2250 16jan2006

16jan2006

Figure 4. (a-b) As in Figurg(a), but for 250-hPa height for (a) 12 and (b) 16 January 2@08) As in Figure2(c), but for 250-hPa height
anomaly for (c) 12 and (d) 16 January 2006.
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Figure 5. (a) Time sequence of 250-hPa geopotential helggeroed from (top) 11 to (bottom) 17 January 2006 over a doi2d’ N-
70°N). Contour intervals are 300 m and the thick contour comass to 10400 m. (b) As in (a), but for 250-hPa meridional wialbcity
squared. Contour intervals are 408 81 2. (c) As in (a), but for the spread of predicted 250-hPa menidi wind velocity among the

ensemble members for the initial date of 11 January. Coritgarvals are 0.2. The spread has been normalized by itanitasteous
maximum within the domain.
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(a) Z250 12JAN2006 (b) Z250 14JAN2006 (c) Z250 16JAN2006

(h) Z250 12JA

Figure 6. Results of SVD analysis based on the IMA ensembdedsts applied to the spread of 250-hPa height over thekrdgorth
Atlantic forecasted for 16 January 2006 with the forecastap of (a-c) hemispheric 250-hPa height (a) for 12 Janwamtéur interval
(Cl)is 10 m and zero contours are omitted), (b) for 14 Jan¢@ty20 m), and (c) for 16 January (Cl: 100 m). Dashed thin carg are for
negative value. Heavy and light shading denotes the pesitid negative correlations, respectively, whose absedlites exceed 0.4. Bold
lines in (a-c) indicate specific values of 250-hPa geop@kmeight observed on (a) 12 (10100 m), (b) 14 (10400 m) apd&g¢10400m)
January. (d-g) As in (a-c), but for the forecast spread ofLl@)0-hPa height for 12 January (Cl: 10 m), (e) 250-hPa nweraliwind for
12 January (ClI: 10 m), (f) 100-hPa upward wave-activity flax¥8 January (Cl: 0.01 frs~2) and (g) 50-hPa height for 20 January (Cl:
50 m). Thick solid and dashed contours denote (d) 1000-hRgathef 200 m and 0 m, respectively, and (e) 250-hPa meridiosirad
velocity of 15 m s ! and -15 m §*, respectively, both observed on 12 January. Thick conto(f) idenotes observed upward 100-hPa
wave-activity flux of 0.06 m s~ for 18 January. Panels (a-g) show heterogeneous regrassips that represent typical local deviations
from the ensemble mean state in an ensemble member thattgréitd North Atlantic blocking stronger than the ensembdamfor 16
January. (h) As in (a) but for heterogeneous regression h2p@hPa geopotential height (Cl: 10 m) for 12 January wighriormalized
expansion coefficient of 50-hPa geopotential height fatechfor 28 January, based on SVD analysis applied to thespéeiic forecast
spread.
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Figure 7. Results of a sensitivity analysis based on the JNBemble forecast. (a) Initial perturbations in the trofesp for 11 January
(shaded lightly and heavily for 0.3 - 0.6 and values gredtant0.6, respectively) to which the intensity of the blogkirdge over the
subpolar North Atlantic (31TE-34C°E, 50°N-65°N) forecasted for 16 January is particularly sensitive. Trtensities of the blocking
anomaly and initial perturbations are measured as dry ¢oiaigy integrated between the 1000- and 250-hPa levelshanchbrmalized

by its instantaneous maximum within the entire northernibphrere poleward of ZIN. Superimposed with contours is sea-level pressure

(every 10 hPa; dashed for less then 1010 hPa; thick solicdbaosfor 1010 hPa) observed on 11 January. (b) Same as in t(@)itial

perturbations for 12 January 2006 to which the North Atlahtocking forecasted from 16 January is sensitive. (c-a&as in (a) but for

initial tropospheric perturbations for (c) 11 and (d) 12ulany 2006 to which lower-stratospheric (100-50hPa) fielerdlre entire domain
poleward of 50N forecasted for 28 January is particularly sensitive.

Y L

Figure 8. Sea-level pressure on (a) 11 and (b) 12 January 2@@&iced by ALERA (contoured for every 10 hPa). Shaded ljiggntd
heavily where the ensemble spread is between 1 and 2 [hPajJraatér than 2 [hPa], respectively.
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Figure 9. As in Figuré(c), but for ALERA-based spread of 250-hPa meridional wietbuity (contoured for every 6 frs~2).
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