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ABSTRACT

The characteristics of Atargeto | ocati

identified bya modified version othe Ensembldransform Kalman Filter (ETKF), in
order to reduce -0 day forecat errors over North America, aexploredfrom the
perspective of a field program plannefwenty cases of potential higimpact weather
over the continent were investigatedsing a 145member ensemble comprising

perturbations from NCEP, ECMWEF attte Canadian Meteorological Centre (CMC)

Multiple targetswere found to exigh the midlatitude storntrack In half of the
casesdistinctivetargets could be tracagpstream nealapanat lead times o#-7 days.
In these cases, tlilew was predominantly zonal and a coherent Rossby wave packet was
present over the northern Pacific Ocedine targetst thelongest lead timewereoften
located withinpropagatingareas of baroclinic energyonversionfar upstream. As the
lead time was reducedhese targets were found to diminish in importaneéh
downstream targsicorresponding to a separate synoptic system gainipgominence.
This shift in optimal targetsis sometimesconsistent wth the radiation of ageostrophic
geopotential fluxes and transfer of eddy kinetic enedgwnstream associated with
downstream baroclinic development. Concurrently, multiple tasgestsdue to spurious
long-distance cortations in the ETKF Thetargets were least coherenthiocked flows
in which the ETKFis known to beleast reliable. The effectivenesof targeting in the
mediumrange requires evaluation, using data such as ttatected duringhe winter

phase of the THORPEX Pacific Asi&egonal Field Campaig(T-PARC).
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1. Introduction

The global atmospherimbservational network hasaditionally comprisedland
basedrawinsonde balloa andsatelliteborne sensors Yet, as stated by.orenz and
Emanuel (déspite iy wealifn ofadai more, in fact, than we know how to use
to full advantagei large gaps remain in our picture of the global weather pattern,
particularly over the less frequently visited areas of the ocealmsan effortto fill these
gaps,several field campaignsakie taken place ovéne past decade, in which theutine
observational network has beamaented by a limited number aflapti\ve observations.

These observations havee etarget@® at improving shortange (13 day) numerical

forecasts ofveather evets such as frontal cyclones and hurricanes (see Langland 2005

for a review). The instrumentation utilized to date has primarily been Global Positioning

System (GPS) dropwindsondes, released from manned aircraft deployed over the oceans.

The assimilationof these targeted observations s averagamproved shorrange

forecast skill (Szunyogh et al. 2002; Aberson 200Severalof these field campaigns

have relied on guidance from mathematmadhptive observing strategieshich identify
locationsforadapti ve sampling that are Aoptimal o i

areexpectedo mostsignificantly reduce errors in sorsdected aspect of the forecast.

Oneprimary goal of the World Meteorological Organization (WMO) sanctioned

THORPEX program is toimprove mediurrange (37 days) forecasts of highmpact

" THORPEX: A World Weather Research Programmeod is a

Organization (WMO) World Weather Research Programme.

2



weather, via intelligent assimilation of targeted observations from novel platfbassd

on a reliable adaptive observing stratéBgpbier et al. 2008)New types obbservations
may canprise, for examplezercpressure driftsonde balloons releasing dropwindsondes
along the storm tracksatellitebased atmospheric motion vectors in ragedn mode
(Velden et al. 2006 wind and relative humidity profiles froairbornelidar (Weissmann
etal. 2009, or dropwindsondes and remotely sensed observations mounted higbard
altitude, longendurancaunmanned aircrafsystems(MacDonald 2005 In contrast to
campaigns such as Winter Storm Reconnaissali&R( Szunyogh et al. 2002) in which
limited targeted dataare collectedat one synoptictime, one may consider temporally
continuousdata from satellites or unmannptatformsover the agean. For instancein
orderto improve3-7 dayforecass of a wintercyclonethat impacts North America, the
guestion arises as to whether a platformyrba able to sample continuously acwkt
effectively in propagatinglocatiors over the northern Pacific OceanThis paper
represents an initial attempt to identify and understand the properties of locatioresidee
optimal for adaptive sampling in this context. More specifically, we focus on the
f ol l owi nglf aghigeimpadt weather évent is anticipated oWworth America
over a week in advance, are we able to idemlyiyamicallycoherent upstream regis in

which supplementary observations would benefit the medinge forecagt o

Theadaptive samplingtrategy of choice in this paper is the Ensemble Transform
Kalman Filter (ETKF; Bishop et al. 2001), which predicts the reductidaracast error
variance within a givenverification regionat timet, due to the assimilation of any

hypothetical group of observations at an earlier analysistimEorecast error variance,



or forecast uncertainty, may be predicted bywti-modelensemble of forecastaimed

at capturing avide rangeof likely scenarios. The ETKF is philosophically different from
adjointbased methods in this regard, since the latter methods (e.g. Palmer et al. 1998) are
aimed at reducing the forecast error igigen model On the dter hand, theoretical
connections between ensembland adjoirtbased techniques have been identified
(Leutbecher 200 3; Maj umdar et al . 2006) .
operations to plan WSR missions, and it has proven to be an effective techitltjne

the short range (Majumdar et al. 2001, 200Zhe optimal target area for forecasts is
often a single region in which strong m&hd uppettropospheric winds exist, or a region

of baroclinic instability (Petersen et al. 2007). However, in theéiune range, the picture

is expected to be less clear, since one may expect multiple locations for adaptive
sampling due to the dispersive nature of Rossby waves in thiatmigles, and possible
influences on midatitude weather by tropical or polar ploemena. Moreover, the ETKF

is only perfect when linear dynamics hold and the model and error covariance
specification are perfect. Cognizant of these caveats, Sellwood et al. (2008) performed
an initial investigation into the capability of the ETKF to ¢ict the influence of WSR
dropwindsonde data released over the northeastern Pacific Ocean on radjem
forecasts downstream. Using am&mber ECMWF ensemble (Buizza et al. 2003), they
concluded that the ETKF is capable of discriminating between dcisamlocations that

are effective and ineffective for@ day NCEP Global Forecast System (GFS) forecasts
of 200 hPawinds within a verification region based on Rossby wave dispersion, if the
flow was predominantly zonal. The ETKF performgadorly in blocked flows. The

results of Sellwood et al. (2008) were encouraging since they were based on an ensemble



of limited size, the flow beyond 2 days was influenced by the North American continent
and therefore often nexonal and the influence of the assintitmn of the targeted data

on the NCEP GFS forecast was contaminated by initially remote,-so@dl noise that
rapidly grew and muddled the dynamical influence from the observation locations
(Hodyss and Majumdar 2007). In this paper, we uselli-modelensembleomprising

145 forecasts fror3 operational centersWe therefore expect the covariance structure to

be more accurate than that derived by Sellwood et al. (2008), given that the uncertainty
derived froma multi-model ensemble is expected to Heser to the true range of
possibilities than that represented by a single model ensemble. We emphasize that while
the ETKF combines data assimilation with predictions of evolving error variance (Bishop
et al. 2001), this papenduseson the evolution ofobservationsensitivity In other
words, this paper aims to examine qualitatively ghmaracteristicof the targets, as
opposed to the practical application in which actaajjeteddata are assimilatedOur

goal is to provide hypotheses for field caaigpns in which the actual effects of

assimilating observations in these target areas may be evaluated quantitatively.

We investigate theemporal evolutiorof the targets by considering thenclusion
of Szunyogh et al. (2002), who claimed that the prapag of the effect of the targeted
observations is associated wilbwnstream baroclinic developmenif this hypothesis
holds, onemight expect that target regions would evolve downstream in a similar manner
as the forecast lead timg ( t,) decreaseffom 7 to O days (wherg is fixed). Several
decades after observations of downstream development of baroclinic waves in-the mid

and uppeitroposphere were documented (beginning with Namias and Clapp 1944),



numerical investigations determined that det@am baroclinic development was
achieved by introducing an initially local perturbation in a baroclinically unstable
atmosphere (Simmons and Hoskins 1979). A series of papers in the 1990s investigated
this phenomenon in greater depth, via theoreticdl @servational studies of the eddy
kinetic energy budget (Orlanski and Katzfey 1991; Orlanski and Sheldon 1993, 1995;
Orlanski and Chang 1993; Chang 1993; Chang and Orlanski 1993, 1994). These papers
arguel that a wave in the storm trackmay first ampliy rapidly via baroclinic energy
conversion until it raches maturity, after which itenter begins to weaken as energy is
radiated downstream via ageostrophic geopotential fiwergence amplifying the
downstream perturbationsThis process may contia, with this second energetic area
eventually weakening as another new center develops further downstre@hang
(1993) indicated that baroclinic energy conversion is only of secondary importance in the
eastern Pacific, as the wave approaches North ismeiDanielson et al. (2004) claimed

that theconnection between eddy energy in the zone of warm ascent in western North
Pacific cyclones and cold cyclones in the eastern North Pagifiartially explained by
downstream baroclinic developmentProcesse such as stationary waves initiated by
orographic forcing, or zonal variations in diabatic heating (e.g. Hoskins and Valdes
1990), may act to decrease eddy activity and complicate the picture of downstream
baroclinic development over the continent. Imsoary, baroclinic energy conversion is
hypothesied to dominate upstream, Incations over the western Pacific Ocean off
Japan, while the storm track is extended indéetralPacific via radiating geopotential
fluxes in a relatively stable area. We lveibmpare the ETKF targets with thge®cesses

that form the primary forcing terms the eddy kinetic energgguation



Our investigabn is based on 20 cases of highpact weather during January
March 2007jn the context of a field program planner wisaequired to make a decision
on deploymentsit least seven days in advarafethe anticipated weather eveniAs the
lead time {,-t;) is increased from 0 to 7 days, the optimal target areas are expected to
track upstream from the verification regigerhapswith a connection to the process of
downstream baroclinic developmentn Section 2, a modified version of the ETKF,
based on constraining the distributiand magnitudeof ensembleébased analysis error
variance to reflect that of an operationatadassimilation scheme, is presentesome
characteristics of the @t regions are illustrated fowo case in Section 3. A summary
of the results over all cases and some general characteristics are provided in Section 4,

followed by concluding remaskin Section 5.

2. Experimental Design

i. Case selection

Twenty cases of highmpact weather oveNorth Americawere selectedTable
1). The verification times were coincident witteather systemthat were judged by
forecasters at N O ealARGeslictivh yCdntefhFQ) tb beoof roeldiony i

or high priority during the 200WSR Programi. The weathesystemswvere synoptically

2 Case 1, in which majdce storms affected much of the central and southern United States, was also selected in this
study due to its significance, even though WSR 2007 had not yet begun.
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driven, comprisindandfalling cyclones on the west coastinter storms in the egsand
rain and snow events the centrabktates.Cases at least two days apart were chosen.
consistency of compans between the 20 cases, fixed fiverification regio®
encompassing a largaeaof North America [128W-75°W; 25°N-65°N] was selected.
The ETKF guidanceas based on ensembferecasts initialized 10 days prior to the
verification time. While the ensemble may not have been able to captuaedinate
timing, location and strengibf the weather evenhat wasdentified by HPC forecasters
3-5 days in advanceseveralenseml# memberscontained therelevant synoptiscale
features within the verification region, such as a deep 500 hPa troiglensemble
initiated 10 days prior to the verification tim&s chosem order to accourfor thelead
time required for theplanning of a longendurance unmanned aircraft missidghe

launching of a driftsonde ballooar theactivation of rapiescan mode aboard satellites.

i. AVar i aEnsenblaTransform Kalman Filtevar-ETKF)

A combinedensemble oNCEP GF$, ECMWF and Canadia Meteorological
Centre (CMC) forecasts, using 60, 51 and 34 available daily members from the respective
ensemblegToth and Kalnay 1997; Buizza et al. 2003; Pellerin et al. 20683)sed to
prepare a matriZ'(t | H') that contains144 linearly independe forecast perturbations
initialized at time twith operatoH'. In order to provide ensemble perturbations that are

not dominated by systematic differences betweendabpectivenodels,the perturbation

3 For Case 8, the full NCEP GFS ensemble was not available. A combined ECMWF and GivtBlens

was used for this case.



for each ensemble member is computed aboutnen of the ensembfeom which that
member is drawn.The ETKF uses these ensemble perturbationsréalict the reduction
in forecast error variance within a given verification region at verification tjmeased
on the assimilation of adaptive obseroas at analysis time {ti < ty < t,). In this study,
toti = 3 days, and,it, is varied between 67 days(Fig. 1). In all ensemble filters, an
error covariance matrix is represented as
P(tIH) =Z'(t|H) 27 (t|H) (1)
Serial assimilation theory (Bishop et al. 2004)then usedto break the observational
network at time ti nt o ¢ (openatorH'n erdr covarianceR') and OGadapti veod
(operatorHY, error @varianceR?) components. Aalysis and forecast error covariance
matricesP(t |H) arethencomputed via a linear transformatidnof the ensemble that is
based on these subsets of the observational network. The version of the ETKF that was
used in Majumdr et al. (2006) and Sellwood et &008), and also operationallg
WSR, assumes a crude simplificatioof the routine observationahetwork, only
accounting for rawinsondesdsparselydistributedbrightnessemperatures. The ETKF
is then used to trsform the raw ensemb(ta | H') via the matrixT" to produce the
routine analysis error covariance matradid at time §;
P'(ta|H") = P(tal H) - P'(ta| H) HT [H" P'(tH) H™"+ R H' P(ta | H) (23)
= Z'(tH) T T 27 (tH) (2b)
To produce the ETKF guidance maps, the same equatiofissasolved to compute the
anal ysis error variance due to the gbéth depl

Pty [H™ ) = P (taJH") - P (ta [H) HT [HIP (ta H) HTT+ RY T HIP (. H)  (3)



This equation is theaxtended tdime t, to yield the associated forecast error covariance

P, [H™) =P'(t, [H") T SY(t, [HY), where

Sty [HY) = Z' (tuJH") Z'T (tH") HIT[HIP (tH") HYT + R HIZ' (tH") Z'T (tJH") (4)

Further details on the ensemble transformations #wble fast computatisrof this

product aregivenin Majumdar et al. (2002)The diagonal oB'(t, |[HY) localized within

the verifiationregion s t hen pl ott ed a stedobskruation onithen of t |
ETKF guidance used throughout thispaper The qéth tasgetégsebder
sounding6 of (u, v, T) atsampledata?no0del gridpdnbat and 85
2° resolution. The summary map therefore represents a mosaic of reduction in forecast

error variance within thdixed verification region, as a function of the observation

location. The optimal target location is the value of ¢ for wit{k, |[HY) is largest.

Thegeographical distribution abutineanalysis error varianadefined in (2agid
not resemble an operational distribution of analysis error variance, with very large values
along features of high gradient over the oceans, and tiny valuetaodefsee Fig. 8 of
Reynolds et al. 2007). It was therefore decided that a more realistic estimate of the
routine analysis error variance was necessary. Reverting to Majumdar et al. (2002), an
6ensemble transf or mothewarghly mearrdot nieang sguare e r wi t
analysis errorP'oper (ta | H) provided by the NRL Atmospheric Variational Data
Assimilation System (NAVDAS)o solve forT", thereby replacing (2ayith

T Z' (Ploper(ta| H)*Z' T' =1 (5)

This transformation produced a more even distribution of routine analysis error variance

in the transformed ensembhtleanthat produced by (2), and for this reason it has been
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extendedor ensemble generation bjcLay et al. (2008) We refer to this version of the
ETKF as -BEThkFaiaMd{udo VarSVs introduced by Gelaro et al. 2002 and
used by Reynolds et al. 2007). The \NErKF produces stronger sensitivity over land,
compared with the operational ETK#hich erroneously overstates the oceanic regasns
target locations due to the falsely large enserbbked analysis errorguture versions

of the ETKF will be developed to account for the vast volume of satellite observations.

Theoretically, the reduion in forecast error varianee equation (4)js equal to
the variance of Asi gnal so, where a signal
numerical forecastthat are identical in every respect except that one forecast includes
thetargeted data irhe assimilation, while the second withhottletargeted datéBishop
et al. 2001) Therefore, th&TKF attempts to predict the variance of the propagation of
the effectany setof targeted observationand it is this quantityhat was firstevaluated
by Majumdar et al. (2001, 2002and more recently bySellwood et al. (2008yvho
showed that th&TKF is ableto predict signal variancadequatelyfor 0-6 day forecasts
in predominantly zonal flow regimebut notin blocked flows. Unlike Sellwood et al.
(2008) who used a 200 hPa wind norm, we userécally averagedd di f f er ence t o

e n e r(Qri)dormthroughout thigpaper

1
E(x,y,1) =

P, c dp
- [(u, *v, )+ =171 — (6)
pt p0 Fo Tr 2

Thevertical averagés computedover 3pressure levels850,500 and 20hPa, andr, is
a reference temperature (287KYe electto use the DTE nornfior consistencywith
previous papers opredictability andtargeted observations (Palmer et al. 1998; Buizza

and Montani 1999; Majumdar et al. 20@ang et al. 200Petersen et al. 2007).
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iii. Eddy Kinetic Energgiagnostics

The vertically averaged form of thequation governing the evolution of eddy kinetic

energy (EKE) follows from Chang (1993):

ae+Vm'VKE+V'V3KEZ—(V'V¢)—0)0’—minorterm s (7)
t

The EKEK¢ is the kinetic energy of the eddy componertf the velocity field,
computed about a monthieanV,,. The terms on the left hand side represent the local
EKE tendency, the horizontal advection of EKE by the mean flow, andd¥ection by
the eddy component of the flow The firsttwo terns on the right hand sidare the
ageostrophic geopotential flux convergenceand the baroclinic energy conversion
respectively. These two quantities have been found in this study to dominate over the
remainingforcing terms such abarotropic energy conversion eddy dissipationof
energy. In this paper, we concentratedimgnosingthe relationship (if any) between
ETKF targets andEKE maxima and its creation and reduction via baroclinic energy
conversion ad radiation of ageostrophic geopotential fluxe¥Ve use NCEP GFS
forecasts initialized 7 days prior to the verification time to compute the quantities in

equation (7)since the model output at 1° resolution was only available out to 7 days.

3. Examples

i. Case 15Major Snowstorm
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First, the15" of the 20 cases is chosen to illustrate some typical characteristics of
the ETKF guidance over-D day foreast lead times An unusually coldPacific storm
systemmade landfall on the coast of central Califorarm22Februay 2007, producing
up to 3 feet of snow at higheelevations. High windsthunderstorms and hail
accompanied the storm systerihe system propagated into the central high Plains and
evolved into a major snowstorm, with blizzard or winterrstavarnings issued in 15
states. The high eddy kinetic energy and baroclinic energy conversion associated with
the storm over the central United States at the verification time (00 UTkzl@biary

2007) is evident ithe 7#day NCEP GFS forecast (FighR

The evolution of the ETKF targets as the sampling tim@pproaches the
verification timety is illustrated in Fig. 2 At a leadtime of -7 days(Fig. 2a) two main
targets exist:ithe first (labelled A) being offshore of southern Japan in an area of
baroclinic energy conversion, atite secondlabelled B)along an elongatearea of high
EKE downstream. At -6 days, e targetshave shifted ~15towardsthe verification
region. TargetB has shiftecemphasis towards the nomfastern extentollocatel with
the EKE maximum. However,B diminishes in importancshortly thereafter while A
becomesdominantat -5 daysand is associated with a broad area of cyclonic vorticity
advection downstream of an elongated trouglhe ETKF sensitivity associated \ithe
northern side of the trough near Kamchatkainishes over4 and-3 days. In contrast,
the southern branch of the trough propagates eastward, and the associated ETKF
sensitivity appropriately lies in the baroclinic zone downstream, east of thiengade-3

days. At-2 and-1 days, the sensitivity appears elongateatticularly across the ridge

13



where there exists a broad distributior&¢€E. Thecutting off of the uppelevel trough
and renewe@moplification ofenergy oer the central United 8tes betweerl day and
the verification time {0 days) led to the widesgad winter storms inlandAs expected,
the optimal target location with no lead time was this storm system itge§ummary
there is spatidemporal continuity associated withet targetdabeledii A0 o vday a
period, extendingrom Japan at7 days tahe verification region a0 days. Thetargets

do not correspond tine same meteorological system throughout the period.

A separatdgargetbecomes evident over eastern Ghi{i20E 28N) at -5 days
(labelled C). In a similar manner g this target can be traced downstream2talays,
althoughwith minimal baroclinic energy conversion and Ekn the location Target C
rapidly approachetargetA at lead times shorter tha@ days, to producan elongated
targetregionalong the ridge i broad area of EKE Therefore, target C camguablybe
tracedbackwardsfrom North America to eastern China over -a@ldy period. We also
note thata fourth target areappearsat-3 day/s over eastern China (1ZD3C°N), labelled
D. However, it is questionable whethmrturbationsvould propagatedirectly from this
location to the verification region within 3 days. Instead, it is more likely that the broad
error covariance structuren ithe ETKF has createdpurious signal variancefar
downstream of Chinayhich is in turndynamicallyconnected over 3 days withokh
America. Similar arguments may be appliedai@ets downstream ofdith America. It
remains an open question whetlperturbations in the north Atlantic storm traake

associated witfi u p st r e a m dedadd nogifyrferecasts over North America.
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Retuning to the targets labeled Biese targets would be the most perplexing to
the forecaster or mission coordiaatvhois responsible for the decision deployment.
On examining7 or-6 day lead times alone, one would suggest that B is a genuine target.
And it may remain a genuine target at later times, although other target areas such as A
and later C become much higher priority. From the evidence presentegte one
cannot conclude whether B is genuine or spurious, and the authors would recommend

that A and Caresafer options, due to thaponnection to the verification region

The longitudinal evolution fathe targets as the lead time decreases fibuays
to -0 daysis summarizd in aHovmoller diagram (Fig. @). By inding the maximum
value of the ETKF signal varianaer a20°-70° latitude bandor each longitude, and
repeating the process for eaadbrecast lead time (in 12 hour increments)time
longitude plot is createdWhile there issubjectivityin how theHovmadller diagram is
preparedthe method employed here exhibits the highest consistency with the individual
plots in Figure 2.Figures 2and 3asuggest that targét shifts eastward b§2° longitude
per day while C shifts eastward 80° perday, prior to the2 day lead time Between2
and-0 days, thdaargetsshift much further eastard, with C changing byapproximately
40° longitude @r day. We emphasize that the Hovmdller diagralonstratingthe ETKF
targets be interpreted with caution, as it does not strictly represent propagation of a
physical quantity, but rather treontinuity (or lack thereof) of targets discretetimes

and vhether they appear to have a dynamical connection with the verification region.
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In order to examine whethéhe targets ar@associated with uppdropospheric
wave packetsa Hovmoller diagramof the 300 hPa meridional wirerturbation (about
the monthlymean)at 45N is produced. Using the method of Zimin &l. (2003), the
envelopefor zonal waenumber rangd-11 is extractedrevealinga wavepacketthat
propagags into the verification regiowith a group velocity o~20°/day (Figs 3b,c)
Target A bllows the trailing edge of the wapacketfrom -6 to O days. At earlier times
(-6 to-3 days), when it is coincident with an area of baroclinic energy conversion on the
eastern side of the trougRkigs 2bd), targetA follows the phase velocity of theave
crest in Fig. 3b. As the target time approactie verification timeA is more consistent
with the group velocityFig. 3c). Target Ghifts eastward with a speed similar to the

group velocity, although it is inlacation of minimum wavepacket afitpde.

ii. Case 13: Downstream Baroclinic Development

Case 15 did not exhib# signatureof downstream baroclinic developmentthe
area wherghe targetshifted eastwardA more distinct assciation was evident in Case
13. Between-3 days and2 days,the optimal target location shifts from an upstream
location of high EKE (around 17@/, Fig. 4c) to a downstrealacation (around 130,
Fig. 4a), which had been a secondary targetis may be interpreted as a jump of 40
longitude over oneday, also sbwn in Fig. 4g. A significant value of ageostrophic
geopotential flux convergencealgrk blue in Fig. 4g also Figs 4d) is propagating
downstream, amplifying the EKE in the downstream location that is also coincident with

the ETKF target that dominates-a days and is connected to the verification region.
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4. General Properties of Targets

i. Summary of 20 cases

The case examinatisim Section 3 revealed some preliminagnclusions.First,
there existed optimal target ardasCase 13hat could be traed as far back as Japan
(Target A -7 day$ and eveneastern ChingTarget C,-5 days) Second the targets
sometimesexisted in locations of high baroclinic energy conversion upstream, and eddy
kinetic energythat amplified via downstream baroclinic dea@ment Multiple target
areaswere presentincreasing the ambiguity abbwhere to deploy observationghis
ambiguity may beartially resolvediia theidentification ofspatictemporalcontinuity of
the targetan Hovmodller diagrams which are preseatl for all 20 casesin Fig. 5 and
summarized inTable 2 The individual ETKFguidance maps and EK@iagnosticsat

eachobservingtime were also examined detail but are omittet¢herefor brevity.

A cursory examination of Fig. ldicatesa range ofispeed® at which the target
areas approach the verification region as the lead time decre&sess, targets can
sometimes béoundfar upstreamnear Japan (14&) at 47 dayslead(cases 4, 5, 6, 11,

12, 13, 14, 15, 16, 19, 20). In half of these caséarget is even discernible over eastern
China (120E). The targets near Japan are usually situated in a region of high baroclinic
energy conversin. At later times, theorrespondingargets aresometimes associated
with an area of significant ageogtiac geopotential flux convergence, in which the

downstream system is receiving additional eddy energy (6, 12, 13, 14). The targets

17



downstream often correspond to maxima of EKE, particularly at lead timed ofags.
Second, there existlow-movingtargetsthat lingerover the CentraPacific (date line) at
lead times of & days(cases 3, 6, 7, 8, 10, 11, 1Z)hese cases are oftagsociated with
blocked flowsover the Pacific Ocean This quaskstationarityis also consistent with
studies of signalnepagatiorproduced by the NCEP GKSzunyogh et al. 2002; Hodyss
and Majumdar 2007, Sellwood et al. 2008)which parts of the signal were found to
propagate very slowly. Overall, for most cagbsyre is a discernible target that extends

at least asdr west as 16& and can be tracedwards the verification region.

While thetargetsnormally appear teevolvecontinuously towards the verification
region as the lead time decreasésere are times in which a distinct shift arges
appearsas in Fg. 4. This shift represents an upstreanget that was initially favable
for adaptive sampling at earlier times, before becoming relatively unimportant as a
separate synoptic system downstrédsanamehe dominant targetOne may be tempted
to link the jJump in optimal target areas with downstream baroclinic development, in
which centers of EKE similarly weaken upstream and strengthen in a separate system
downstream. However, while thiotion maysometimeshold (e.g. case 13it is not
always the case We instead speculate that the shifting in targeteasimon for
dispersive waves regardless of downstream baroclinic development, and that the targets
may sometimes bdue tospuriouslong-distance correlations in the analysisVe will
illustrate thisin part (ii) of this section with a simple Rossby wave exampteis also
worth noting that the average group velocity of Rossby wave packets is approximately

30°/day (Szunyogh et al. 2002), and signal propagation may follow this speed (such as in
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Fig. 3). Additionally, Hakim (2003) had concluded from an observational analysis that

the leading edge of a wave packet crosses North America at the tropopause around 3 days

after the incipient disturbance was situated over the coast of eastern Asia. paraky,

velocities in the midatitude storm track may be as high as/@ay, based on forward

i ntegrations of NOAAG6s HYSPLIT model (Draxl
targets with time could be associated with any of these phenomena, combingaewith

statistical correlation with the verification region at the verification time.

A coherent wave packet, determined using the 300 hPa meridional wind
perturbation in the GFS forecast, is evident during two periods: one short period that
spans cases (%) and a weelong period that includes cases (12, 13, 14, 15, 16) (e.g.
Fig. 3c). Interestingly, a target can be traced back to Japan in all of these cases in which
a wave packet exists. However, these targets are usually not coincident with tloa locati
of highest wavepacket amplitude, although there is high EWE. alsoinvestigate the
zonality, estimated athe difference between the 500 hPa zonal geostrophic wind in the
NCEP GFS forecast and the monthly average zonal geostrophicatvid8N (Horel
1985, Sellwood et al2008) For case 8a blocking regime existed in the central and
eastern Pacificandlittle spatiotemporal continuity of the target areas was evidEig.
6a) In contrast,a strongly zonal regimexistedfor case 15(Fig. 6b) which was
examined in Section 3. In order to provide quantitative estimates of the zonality
associated with the target areas, spatial and temporal averages of the geostrophic wind
anomaly over the western (I’16C°E, 47 day lead), central (188-160°W, 2-4 day

lead) and eastern (188-120°W, 0-2 day lead) Pacific were computed for each of the 20
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cases. The cases corresponding to the 6 highest (most positive zonal anomaly) values
and 6 lowest (most negative zonal anomaly) values are indicated byi+esyuectively

in Table 2. Inmanyof those cases in which the targets could be traced back t@v140

the flow was significantly zonal (5, 13, 14, 15, 16, 19). And the cases in which a
plausible target far upstream was not evident corresponded to regimghedt negative
zonalanomaly (1, 2, 7, 8, 10, 11)The strongest associations between continuity of
targets and zonality exist for the 2&160°W region, which is a commonly used area in
investigations of atmospheric blocking. Finally, it is worthtimg that in norzonal

flows, the spatigemporal continuity of the targets is not only lessdentthan in zonal

flows, but the ETKF is significantly less reliable in these flows (Sellwood et al. 2008).

The primary target areas lie almost exclusivelyhui the midlatitude storm
track. Little sensitivity was found north of 9% in the northwestern Pacific. In one of
the latter cases (Case 19, in AMidrch), sensitivity was exhibited in the tropiegth a
clear propagatioof the target area towardset verification region. Given that the ETKF
commonlyselects areas of large ensemble spread in its targets, it may not emphasize the
sensitivity captured by initially tingonvectiveperturbations that modify a forecast in the
mid-latitudes (Zhang et aR003; Hodyss and Majumdar 2007).he properties of the
targetswerealsoexaminedor different observing variableslhe evolution of the targets
was ambiguousn most cases. For exampkthough850 hPaT is expectedo be a
useful variable for targetg far upstream, given the hidgdaroclinicity near Japanit is
impossible to track sensitive areas across the Pacific due to low gradients in 860 hPa

It was found that the most coherent targets were obtained by using a combination of
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(u,v,T) at 200,500 and 850 hPa, capturing the sensitivity in both-llevel baroclinic

zones and in jet regions aloft, and we retained this norm throutiteqpsdper.

In summary some common signatures were found in the evolving targets. In
several cases {@; 1216), the targets could be traced back to Japan, a distinct wave
packet existed, the flow was predominantly zonal, and there was high baroclinic energy
conversion and EKE associated with the targets. In the latter cases, downstream
baroclinic development was @arring over the central Pacific. In contrast, there existed
other cases (1;-I0; 17-18) where the targets were disjointedspace and time The

flow was often blocked in these cases,/anthe EKE diagnostics were ledgar.

ii. Discussion on continyitof targets

The targets generallghift steadily eastward (105°/day), until theyreachthe
central Pacific. A shift border 3050°/day in an area of rapid flow in the jet stream
towards the verification region thenobserved at lead times of 2 daysfewer for all
cases except for Case 5, and the target area is notmnadlg. During WSR, these short
range lead times atke norm but with an ensemble that is (correctly) the most recently
initialized at the time of computation. In contrast, tbenputations in this paper rely on
an ensemble that is initializekD daysprior to verification, based on the premise that a
decision on continuous, medidrange targeting must be made at a long-tead. The
drawback of this approach is that the ensenfittecast perturbations aré©&lays old for

the 12 day lead time computations and therefore widely spread. The error covariance
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between remote locations in the storm track is thus likely to be high, yielding a broad
spatial structure of an analysis iement based on an observation in the storm track, and
an associated broad ETKF summary map structure. This increases the difficulty in
interpreting the continuity of the target areas, and it is a challenge that the forecaster or
field program planner wlilhave to face in redime if the planning is necessary over a

week prior to the weather event affecting society.

I n order to provide clarification on the
evolves, and the spurious targets that occur wheretlsemble size is limited, ETKF
guidance is computed fa simpleensemble ofyrowing free bardropic Rossby wave
perturbations Each perturbation comprisesrandom (U[0,1)) linear combinationof
wavest hat obey the f ami=lukiabk/ (id+ 19 (Heltors200d)forr el at i o
a range ofwavenumbersk = [4,11] and wavenumbel=1, and mean zonal wind=20
m/s. Ensembles of two sizes are chosen: 400, to represent the full dimension of the
physical spee, and a reduced ensemble of hémbers. Fothe full ensemblethe
ETKF targets are narrow and coherent, propagating towards the verification region as the
lead time decreases to zero (Fig-f)la More than one optimal target may exist (Fig. 7b
and 7e). Furthermore, there is a distinct jump endptimal target similar to that of Fig.
4ac, for example between Figs 7c and 7d. This jump is not due to spurious correlations
given that the ensemble is of full rank, although-fawal correlations do exist. For the
reduced ensemble, a larger numbérargets exists, and theain target in Fig. 7d is
downstream of that for the full ensemble. Therefore, the spuriousdistance

correlations have led to a different solution for the optimal target. The corresponding
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ensemble spread in Figs -Yglemmstrate that the ETKF guidance is not obviously
associated with locations of large spread for the full ensembleg blaiser association

with high spread exists in the reduced ensemble. Finally, the Hovmoller diagram in Fig.
7m demonstrates the discretifting targets, and their propagation with both the phase
velocity (about 7 m/s) and the group velocity (ab®dtm/s). As in the real cases, the
shift of the optimal target appears to be fastest nearest the verification region, bdtween

and 0 days lad time.

5. Concluding Remarks

This paper documents a first attempt
identified by the ETKF to sample tropospheric wind and temperaturediace medium
range forecast errors over North America. Twentyesasf potential higlmpact
weatherduring the winter of 20074vere selected Using a 148member ensemble
comprising perturbationsdm NCEP, ECMWF and CMCETKF summary mapwithin
the verification region over North America were computed for lead tijvesfication
time minus observing time)f 0-7 days. The following questions wemxamined

() Do the optimal target areas exhibit spagmporal contiuity with lead tim@

(i) Is there a dynamical explanation for the properties of the target areas?

For (i), the identification of targets thabuld be traced upstreaaver 12hour
leadtime intervals was necessarily subjectivBlearly all cases exhibited at least one
targetthat could be followed fronthe verification region at O days leadtte western
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Pacific Ocean(around 160E) at 37 days lead There were also multipkargetsthatdid

not exhibitsuchcontinuity. Perhaps the most striking result was thmafili of the 20
casestargetsexisted as far upstreaas 140°E, normallyjust offshore of Japaml-7 days
prior to the verification timdgalthough hesewere often not primary targeds In five of
these cases, a targexisted atl20PE, near eastern China, within ad@y lead time.
Given the dense observational network over eastern Asia, thdstavgee minimal
beyond these timesSignificanttargets weralsoevident in the central Pacific at/iday

lead times, shifting slowly eastwards the lead time was reducedsiven thatthe
dispersive nature of the atmospheie captured in thespreading of ensemble
perturbationsthe multiple target areas &inger lead times is not unexpectedt is,
however,challengingto discriminate between targets that are genuine, and those that are
spurious. We speculate that in situatiovigerethe optimal taget region shiftdrom an
upstream weather system to a separate sydtammstreamover a day, the targets are
genuineif errors associated witthe adjacent systems draly correlated. Howevethe
limited ensemble sizkeads to the production spuriaus longdistancecorrelations and
thereby false targets upstreamhe concern iscute when the ensemble is over a week
old and the correlations are broad in area and small in amplitude. At the corresponding
short le@ times, the targdiears a broadicture over the eastern Pacific, although much
of it is associated withapid flow in themid-latitudejet. In general, irnthe absence of an
error covariance localizatiothat can bepropagated forward in time, the ETKF will
inevitably producespurious argets, rendering the decision on deployment one of careful
subjectivity. This is in contrast to thebjective usef the ETKFduring WSR programs

in whichthe targt is normallyunambiguous for the sherange forecast.
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The investigatiorof (ii) yieldedmixed conclusions.In general, thenajority of
the targets resided in the ratitude storm track.The targetsoffshore of Japansually
coincided withan area of high baroclinic energy conversion, which typiqaibpagated
downstream with a develogrsurface cyclone until the target time wa8 &ays prior to
the verification time.In the most convincing cases® 1216) in which spatigemporal
continuity existed from Japan eastwards, the downstream targetsisuailyassociated
with maxima ofeddy kinetic energyand sometimes ageostrophic geopotential flux
convergence While it is incorrectto concludethat the targets weralwaysassociated
with downstream baroclinic development, th8ssasescorresponddto the twoperiods
during which a ©herent Rossby wave packet envelope was evideert the northern
Pacific, even thougthe targets were not located within #m@velope.In these cases, the
flow was alsozonal. TheETKF is reliable in predicting signal variance in such flows
(Sellwood ¢ al. 2008). The propagation speed of the targstsisuallyplausible, based
on thefindingsof Szunyogh et al. (2002) and Hakim (2003) on wave packet propagation.
In the remainingcasesa dynamical mechanism associated with the targets could not be
edablished. This was particularly true fdolocked flows,and it is worth noting that the

ETKF isgenerallynat reliable in such flow regimes (Sellwood et al. 2008).

In situations wher¢he ETKF guidance i-leemed to beeliablewith appreciable
continuity, we hypothesize that targetimyer the western Pacific is important in zonal
flows at lead timedeyond 3 days In particular, we propose that it is usefalsample
just east of Japan, normalheyond 4 days advance of the weather evehtt usualy

not beyond 7 days.Our hypotheseon the suitability of targetingequire systematic
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evaluationvia data denial (e.dBuizza et al. 2007Kelly et al. 2007) usingsatellite data

and in-situ observations from field campaigns such as the recently caedpleinter

phase of the 2009 THORPEX Pacific Asian Regional Field CampaitARC). The

extent to which mediumange predictions of winter weather can be improved by targeted
observations is likely to depend on the inherent predictability olveéeghersystem; the
locations, frequency and accuracy of the observatemsrsin the numerical modegnd

the data assimilationTo expand on the latteff, one of the flaves of ensemble Kalman

filter used in midlatitude weather research.g. Szunyogh et al2008,Torn and Hakim

2008 Whitaker et al. 2008wereused to assimilate the datag ETKF guidance would

be expected to provide more accurate guidance than if an operational data assimilation
scheme employing a quasbtropic error covariance were dseConcernsalsoremain

about thevalidity of the assumption of linearity in all adaptive sampling strategies,
although Reynolds and Rosmond (2003) have demonstrated that a linear technique is able
to capture notinear forecast corrections on the synopsicale, even at 3 days.
Investigation is required on the limitations of the ETKF in4liaear flows. Further
improvements to th&TKF may be made via a superior representation of the routine
observational networkhigher vertical resolution, verifidan region selection that is
based on the dw dynamics (Bishop et al. 2006and an improved estimate of error

covariance via the THORPEX Interactive Grand Global Ensemble (TIGGE).

Although this investigation was performed in the context of continsaunpling
via satellites high-altitude unmanned aircrafir driftsonde balloon®ver the northern

Pacific Ocean, the assumption that those continuous observations would be assimilated
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prior to the next sampling time was not made here. Future studiessesialgadaptive
sampling(Majumdar et al. 2002) would sharpen the conclusions on where to samaple at
given time, assuming that all routiaed targetedbservations had been assimilated up
to and including that time.While we have focused on midtitude target areas, the
feasibility of sampling in the polar and tropical latitudes to improve forecasts of mid
latitude weather requires investigation. In general, extensive quantitative sitithes
respectivebenefitsof current and future observing sysigare required, via Observing
Systems Experiments (OSEs) and Observing SyStienulation Experiments (OSSES)
These studies should be conductedtoncert withinvestigationson predictability and
dynamical processes associated wsimopticscale mid-latitude weather systems, which

has been identified as an important research challenge for the THORPEX community.
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Figure Captions

FIGURE 1. Timeline for targeting used in this paper. Ensembles initialized 10 days prior to the
verification time are used to provide summary maps of signal variarse ba targeting at any

of the sequence of times/days prior to the verification time.

FIGURE 2. Case 15. Shading: ETKF summary map of total energy signal variance for lead
times from-7 days through teD days, for a rectangular verification regitaack rectangle) over
North America. In all Figures, the ETKF values are normalized over the domain shown.

Green contours: Eddy Kinetic Energy. Cyan contours: Baroclinic Energy Conversion. Black

contours: 500 hPa geopotential height.

FIGURE 3. (a)Hovmoller diagram of ETKF targets for Case 15, freébndays lead time te/
day lead time. (b) Hovmoller diagram for NCEP GFS forecast of 300 hPa meridional wind
anomaly, initialized at 00 UTC February 18 2007. (c) Amplitude of corresponding wave packet

envelope.

FIGURE 4. (a)c) ETKF summary maps of signal variance for lead times2pf2.5 and-3

days, for Case 13. Blue circles indicate optimal target regions discussed in text. Values are
normalized with respect to the highest value on each nfd@EP GFS forecasts of baroclinic
energy conversion (cyan) and eddy kinetic energy (green) are illustrate(f) Cdyresponding

NCEP GFS forecasts of mean sea level pressure (magenta), eddy kinetic energy (green) and

ageostrophic geopotential flux digance (warm shading = divergence, cold shading =
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convergence). (g) Hovmoller diagram illustrating evolution of ETKF guidance (shading),
baroclinic energy conversion (cyan), eddy kinetic energy (green) and ageostrophic geopotential
flux convergence (blue) Values of ETKF signal variance are normalized with respect to its
maximum at each forecast time. Values of the eddy diagnostics are normalized with respect to
the maximum value on the Hovmoller diagram. Horizontal red lines indicate lead tirr2s of

and -3 days, which correspond to {).

FIGURE 5. Hovmoller diagrams summarizing/ @ay evolution of ETKF targets (shaded), for

all 20 cases. Also shown are baroclinic energy conversion (cyan), eddy kinetic energy (green)
and ageostrophic geopotemtitux convergence (blue). Values of ETKF signal variance are
normalized with respect to its maximum at each forecast time. Values of the eddy diagnostics

are normalized with respect to the maximum value on each Hovmodller diagram.

FIGURE 6 (a)Hovmoler time series of geostrophic wind anomaly at 45N, for Case 8.
(b) As in (a), for Case 15. Red indicates strongly zonal flow, blue indicates weakly

zonal or blocked flow.

FIGURE 7. (af): ETKF guidance as in Figure 2, but for ensembles of free fogiotRossby
waves eplane. a (g)bEnsemble variance valid at the corresponding times. (m)
Corresponding Hovmodller diagram of ETKF guidance. Contoursmétber ensemble.

Shading: 406member ensemble. The verification region is represented ljatle box.
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FIGURE 1. Timeline for targeting used in this paper. Ensembles initialized 10 days prior to the
verification time are used to provide summary maps of signal variance, based on targeting at any

of the sequence of times/days prior tole verification time.
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