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ABSTRACT

The ability of ensemble prediction systemis predictthe probability that a
tropical cyclone will fall within a certain area is evated. Ensemble forecastssued by
the European Centre for MedidRange Weather Forecasts (ECMWF) and the United
Kingdom Meteorological Office (UKMETpf up to 5 days werevaluatedor the 2008
Atlantic and Northwestern Pacific seasons. thim Atlantic, the ECMWF ensemble mean
was found to bemore accurate than all modedsceptits deterministiccounterpart
Dy n a mi cbilify girclesbthat contained 67% of thECMWF ensemblemembers
were found tocapture the best tradk approximately 67% oéll casedor 24-84 hour
forecasts, and were slightly underdispersive beyond 96 hours. The addition of the
UKMET ensembleyieldedminor improvementsn the shorrange, and degradations for
longerrangeforecasts. The radii of the ECMWEF probability circles and the skill of the
ensemble mean wesdwayspositively correlated, with arf value exceeihg 0.8, The
circles normally captured the best track for tropical cyclonégh straightline motion,
while the best track feloutside the circle fosharply turning tracks In contrast to the
Atlantic, the ECMWF ensemble was unable to capture an adequate number of
verifications wthin the 67% probability circles in thiéorthwesterrPacific, due in part to
a less skilful ensemble mean. Though further evaluations are necessargsithe
demonstrate the potential for ensemble prediction systems to enhance existing
probabilistic foecast information, and for the THORPEX Interactive Grand Global

Ensemble (TIGGE) to be embraced by the operational and research communities



1. Introduction

The most fundamental metric in tropical cywbo(TC) prediction is itkcation, or
track. Inproved shorrange (13 day) trackorecasts lead to few@nnecessary warnings
and evacuations. More accurate track forecasts at longer lead#8@mys)will allow
more timefor emergency managemett prepare andnobilize resources for disaster
recovery. Additionally, a better track forecast will yield improved forecasts of other

metrics such as wind speed, storm surge and precipitation.

This paper focuse®n uncertainty prediction which is required given that
deterministic forecasts yield limited information due to thieerent uncertainty in TC
forecasts Operationalcenters such as the NOAA National Hurricane Center (NHC)
commonlycompute probabilities thatre centered on their official forecasts, and based
on error distributions over recent yearBheseprobabilities arestatic, in thatthere is no
forecaster input, and as such the probabildiesiot vary from case to caaad thereby
ignore the prediebility of the flow But giventhat the uncertainty in a forecast is
dependent on the atmospheric conditions of that forecdghamic predictions of
uncertainty are expected to baperior For example, in a higpredictability scenario
such as a TC ppagating westward for days along the southern periphery of a subtropical
ridge the uncertainty (and therefore warning area) may be considerably smaller than a
low-predictability scenario such as a TC that recurves close to the coagthediction
of forecast uncertainty is one of the major components of the Hurricane Forecast

Improvemen®Project(HFIP), established by NOAA in 2007.
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Ensemble forecasthave been widely proposed as a method to produce
guantitative predictions of uncertainty. However, tded ensembles of global models
havenormally been formally applied to TC forecasting to determine a consém®cast
up to 5 daysin which an average of several different models has shown demonstrable
improvement over selecting the best performing singbeleh (Rappaporet al 2009).
Another method of consensus prediction is via a weighting of the component model
predictions based on past history (Willifoed al. 2003). It is generally accepted that
increasing the number of forecasts and the varietyanfels in the ensemble will yield an
improvedconsensugrack forecast, via aeduction ofthe different biases in each model.
Goerss (2000) anélsberry and Carr (2000) evaluated the relationship between errors
and the spread of a consensuslyriamicalmodels. Recantly, Goerss (2007) developed
aregressiorbasedechnique to predict the error obnsensus forecasts, basedaaiange
of predictors such asodel spreadinitial and forecast TC track, intensity and motion

speed.Using this technique, d&dependent estimates of the track error may be realized.

Ensembles based on multiple integrationsaddingle globaimodel (commonly
known as ensemble prediction systems or B8k been operational since the early
1990s TC grike probabilities fromrECMWF6s EPS are provided on
decisions on mission planning around typhoons during the 2008 THORPEX Pacific
Asian Regional Campaign {FARC) were based in padn the uncertainty exhibited in
EPStrack forecastdrom multiple centers. Qgrational planning of Atlantic synoptic
surveillance missions utilizes the variance of the NCEP Global Forecast System (GFS)

ensemble in the synoptic environment of the (Aberson 2009) However,to the



author® knowledge a formal evaluation of operationalglobal EPS for TC track

uncertainty prediction has not beaublishedprior to the study presented in this paper.

In order topreparei t s 6 c one dhe NHChuses the &¥dernentijef
its cumulative track forecast errors ovee threvious 5 years tdefine the radius ofa
circle centered ornts official forecast trackor each time The cone is theronstructed
by a smooth curve that traverses the radii of the circles fr&md&@ys Eranklin 2009.
We emphasizegainthat thesize of the circless fixed for each hurricane season, and
therefore does not vary from forecast to forecast. In this papegyaluate the ability of
the European Centre for MediuRange Weather Forecasts (ECMWF) and the United
Kingdom Meteorological Qice (UKMet) EPS, and a combination of the two,produce
dynamicforecasts of track probabilities out to 5 ddlyat are comparable in principle to
the cone of uncertainty used operational@ur primary motivation is to usthe simplest
metrics to evalate whether global model ensembles are ready for use in probabilistic
prediction of the track.Satisfacory results based on these metrics would allow for the
introduction of EPSn productssuch as surface wind speed probabili{eeMariaet al
2009) the predictd consensus error (Goerss 2Q0dpng and crosdrack probabilities

and associated probabilistic predictions of threshold warning areas.

At the Sixth WMO International Workshop on Tropical Cyclones (IWM it
was recommended that all rf€lated numerical weather prediction produsesmade
available to all operational and research users intiraal In 2008, various TC forecast

paraneters from EPS were disseminatddily by multiple operational centers and



uploaded onto th@ HORPEX Interactive Grand Global Ensemble (TIG@R)abasén a
unified format, known as Cyclone XML @XML. For the first time, this database has
offeredan oprtunity to the communityto access operational data from multiple centers
without the overhead dfigning agreementsnd writing extensive softwate read data

in multiple formats  This paper is organized as followsetdata and methods are
described in Section 2, folieed by illustrations of the EPS forecasts angrobability
circles in Section 3. The evaluation of the ensetabmean and probability circles is

presented in Section 4, followed by concluding remarks in Section 5.

2. Data and Methods

i. Ensemble Prediction Systems

The TIGGE databasestablished in 200@rovidesensemble data from multiple
operational centers in near réhe, in a standardized, easyread CXML format. The
format allows for a large number of storm parameters, including position, pressure,
maximum wind, location of maximum windstc In 2008, the most consistently
available and reliableensemi® datain TIGGE were from ECMWF and the UK

Meteorological Office (hewmdter referred to as UKMET)

! The TIGGE TC database is available frbttp://www.bom.gov.au/bmrc/projects/ THORPEX/CXML/index.html
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The ECMWF EPS (Buizza et al. 200¢omprises50 perturbedmembers
initialized at 0MO0 UTC and 120 UTC every day, af 399 (~50 km) resolution out to
Day 10 (and at 1255 resolution from Day 10 to Day 15). All integratiodmsve 62
levels. Model errors due to physical processes and subtald effects areepresented
in the ensemble by stochastic perturbations of tendencies of physical processes. Initial
conditionperturbationgreconstructed using Singular Vectors (SMshich represent the
fastestineargrowing error structures over a-#%8ur period. In addition to the 50 routine
hemispheric SVs that use a dry total energy norm (Buizza and Palmer 1995), 5 extra SVs
with a diabatic version of the tangdmear model ad moist total energy norrare
computed irup to 6 subspaces enclosing tropical cyclpae3 42 resolution and with 42

vertical levels (Barkmeijer et al. 200Ruri et al. 2001

The UKMET ensemblgknown asthe global version oMOGREPS)comprises
24 menbers integrated at 00 UTC and 1P0 UTC eachday, at~90 km resolution with
38 levels The ensemble is integrated out 15 dayBhe local Ensemble Transform
Kalman Filter (LETKF) is used to initialize the ensemble, with model uncertainty
perturbations gescribed via a stochastic kinetic energy backscatter scheme (Bowler et al.
2009). A combined74-member ECMWF+UKMETensemble is also employed in this

paper, in order to quantify treffectsof using a larger ensemble with multiple models.

The NCEP Global Ensemble Forecast System comprises 20 members integrated
four times per day at T126 L28 (~90km) resolution, out to 16 days. Unlike ECMWF and

UKMET, a tropical cyclone relocation procedure is used. An Ensemble Transform



method is employetb create initial perturbations (Wei et al. 2D08Vhile not included

in 2008,stochastic model perturbationdll be created in theperational ensembia the

near future (together with a resolution upgrade to T190 L28). In this study, the NCEP
enseml@ tracks were lost motenthan those in ECMWF and UKMET, and therefore

the NCEP ensemble is only used here for illustrative pepwsSection 3

All cases that were availabé 0000 UTC and 1200 UTid the TIGGE database

for the 2008 season weircluded. A few TC cases wernanitted due taalack ofdata.

ii. Deterministic Forecastand CLIPER

The competitiveness of the ensemble mean forecasts is assessed by evaluating
their skill against those models used by forecasters at NHC. Global nmodete the
ECMWF and UKMET deterministic modelplus the NCEP Global Forecast System
(GFS) and the Navy Operational Global Atmospheric Prediction System (NOGAPS)
model. The two regional models, GFDL and HWRF, run at NCEP using GFS boundary
conditions,are also included. A summary of the model acronyms is given in Table Al of
the Appendix. All the deterministic models are initialized at the same time as the
ensembl es, and aceclred eforeacdot ashuged Wi @.
time-interpolated version of these forecasts, instead of the raw forecast products

evaluated in this study.The ensemble mean forecast® also compared agairtbie

climatol ogy and persistence -ICILIIPER)e molmdr k

forecasts blength up to 5 days (Aberson 1998; Aberson and Sampson 2003).



iii. Mean and Probability Circles

In this paper, we assume that the ensemble mean represents the most likely
forecast scenario, and the center of the distribution. Counterexamples such as a bimodal
distribution can easily belentified For each forecast timé)e ensemble mean smply
computed as the average of trespectivetrack forecasts in the particular endde
(ECMWF, UKMET, or E(MWF+UKMET). The mean is only used if at least tibords
of eachensemble existat that time, consistent with the procedure used at NOAA to

computethe ensemble mean (Tim Marchok, personal communication).

In addition to assuminthat themean represesithe center of the distributioof
all feasible track forecasts,enalso assume that tlaestribution of trackprobabilitiesis
independent of diion (isotropic)about the ensemble mean, and therefore aliau
and crosgrack errors in any direction are equally likely. This latter assumption is
consistent with that 1 mplicit i n NHC6s cone
its coneabaut the official NHC forecasand not an ensemble meaWe decided against
constructingprobabilities centered orthe NHC or a consensus model forecast point,
given that the distribution of ensemble members would not be centered aboytdimse
(or may even lie entirely outside the forecast point), thereby rendering any probability

distribution about the point highly anisotropic.

We define the radius of an X%probability circle about the ensemble mean at a

particular time asheradiusthatencloses X% of the ensemble forecasts valid at that time.



If the probability circle is accurate, one would expect the best track to fall within the
probability circle in X% of all realizations. The NHC uses a series of 67% probability

circles at edt forecast time to construct its cone of uncertainty, based on 5 years of their

forecast errors for that time interval. In addition to computing 67% probabilities to

facilitate our dynamical ensembtea s ed predi cti ons wi tole NHCOs
circles that encapsulate 33%)% and 100%of the ensemble forecast&n ensemble is

said to be fAunderdispersiveo if the probabil
Afoverdispersiveo i f t he isodtalwayselear shieetamo br oad
ensemble is underdispersive, given that the ensemble mean may be in largénietio

leads to the best track being shifiaatside the circle.Finally, we emphasize here that

we will strictly be evaluating whether the best track lies within ghabability circle

appropriate for that particuladiscreteforecast timeas opposed to whether the track lies

within a cone that integrates the circles over time and fills in the area connecting the

tangents to the time series of circles.

iv. Verification

The verifications are conductegingthe postseasorbest tracks produced lilge
NHC for the Atlantic Basin, and thdapan Meteorological Agency (JMA) for the
Northwestern Pacific BasinTheensembles are evaluated TaCs that verified atropical
storm strength (34t) or higher over the 2008 Atlantic and Northwest Pacific seasons.
The track error is defined as the great circle distance betithedorecast and best track

position of the tropical cyclone cente€ases in which the cyate was officially verified



as a depression, extratropical or as a remnant low by the opetatemter are omitted. A
few cases in which the tropical cyclone was oalyweak/small tropical storm were not
captured by many ensemble members, and are omitedummary of the sample is
given in Table 1 (Atlantic) and Table 3 (NW Pacifichhe full set of cases is evaluated
using the ECMWF ensemble. r&ducedhomogeneous sample of cases is used when

comparing the ECMWF, UKMET and combined ECMWF+UEKW ensembles.

3. Example: Hurricane lke

The concepts of ensemble track forecast scatter, ensemble raedrstcles of
uncertainty are illustrated using twahallenging forecasts during the life cycle of
Hurricane lke (2008) lke was a longived tropical cyclone that developed from an
African Easterly Wave on Septembéf 2008, and hagubsequentlyntensified rapidly
into a majorhurricanewith maximum sustained winds of 115 kt (category 4 on the
Saffir-Simpson scalepy 0000 UTC September'52008. At this time, lke was moving
westward under the influence of thad-upper tropospheriétlantic subtropical ridge.

The primary challenge in the track forecast was to determine whether the ridge would
weaken, taking lke towards the wesirthwest redting in eventual recurvature or
landfall on the eastern seaboard of the United States, or if the ridge would build further,
resulting in asouthof-westwardtrack towards Cuba.The scaer of tracks from the
ECMWEF, UKMET and NCERensembles illustratesithbroad range of @sibilities in

the 35 day forecas(Figs 1ac). In reality, Iketook the track towards Cuba, due to the

ridge persisting over the western Atlanti& minority of ECMWF and NCEPensemble
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members captured this track, indicating thas tvasa low-probabilitytrack according to

the ensembleswith most ensemble membesgynifying that the ridge would weaken
considerably The ensemble mean forecasts are accordingly all situated to the north of
the actual track, with no obvious forecagin over the corresponding deterministic
forecasts, of whicithe GFDL model possessed the most skill (Fig. 1d). THEEP
ensemble producedsaiperiorensemble mean tratk ECMWF and UKMET However,

at least half of the NCEP ensemble members weredissi within 3 days, rendering the
ensemble of limited use even for an intense hurricavext, e probability circles are
constructed about the ensemble me&or the ECMWF ensemble (Fig. )lehe 67%
circle of uncertaintys situatedto the north of the best trackit to 3 days, suggesting that
the probability of the best track verifyinwgould beat most onghird. The best track lies
within the probability circle at 4 and 5 day®verall,the ensemble forecasts likely added
little to a consensus forecast of Ike, but they allowed for the construction of track

probabilities which is impossible with a limited number of deterministic models.

The second example illustrates anottigficult track forecast for Ike initialized
four dayslater, on @00 UTC 9" September, 2008Fig. 1fj). At this time, Ike was
travelling towards the westorthwest, with an inevitable landfall on the coast of the Gulf
of Mexico within 35 days. The forecast scenario wgmsverned by two contrasting
synopticpatterns:a weak subtropical ridge in theorthreasternGulf of Mexico possibly
gaining strengttand inducinga more westward motion of lkanda shortwave trough
situated over the Rocky Mountaitisat was predicted tanove southward and induce a

right turn. Most of the deterministic modelsnitialized on @00 UTC 9" September
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2008, including the UKMET deterministic (UKX), downplayed this trough interaction
and predicted a westward track and land{&ilg. 1i). And while the deterministic
ECMWEF (EMX) andHWREF indicated a turn towards the north, thedfall location was
still west of the verification. Strikingly, hECMWF ensemble mean wasa the best
track trajectoryout to 5 days, although its-3 day forecast as lagging by about 12
hours. And ontrary to the corresponding deterministic forecast, the UKMET ensemble
included several members that exhibited a pronednwrthward componegntvith its
resulting mean being the outlier to the right of the best t(eak 1g) Similarly, the
NCEP ensemblgFig. 1h) was significantly shifted to the right of its deterministic
counterpart. The reasoning for thesnajor differences betweedeterministic and
ensemble forecastsom the same operational cent@quires a detailed investigation
beyond the scopef ohis paper In conclusion, we speculate ththe global modeEPS
had the potential to adgignificant benefit to the landfall forecast of lke at this particular
time. Furthermore, the high uncertainty in this forecast eagstured particularly in the
ECMWEF ensemble (Fig. 1f), providing circles of uncertainty thate likely consistent

with forecastereasonings Ike approached the coastline.

It is evident in both these cases that the distiobubf the ensemble forecasts can
be highly anisotropic. For example, the ECMWF ensenploéelicteda wider distribution
of crosstrack uncertainty than alorgack uncertainty at-8 days (Figs 1a,f).In this
paper, it is assumed that the most probable distribution of track forecastgragpic,
consistent with the NHC cone of uncertaintyid left to future work to include more

accurate anisotropic probability distributions.
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4. Evaluation

The qualitative presentatian Section3 illustrates the potential fqurobabilistic
track forecasts via the dynamic ensembkesedtircles. Given that the probability circles
are constructed about the ensemble mean track, it is of paramount importance for the
ensemble mean to have skill. In this Section, the mean of the ECMWF ensembile is first
evaluatedfor the 2008 Atlantic seaspifollowed bythe equivalent evaluat with the
UKMET ensemble aded and a subsequent evaluation of the probabiirgles. Finally,

the sameavaluation is performed in the NW Pacific basin for the ECMWF ensemble.

) Ensemble MearECMWF

The ECMWEF ensemble is first chosen since it possesses the largest sample size at
later forecast timesdueto the highest number @vailable caseanda relative lack of
premature dissipation of the TC compared with other global ntei8l The first stage
is to evaluate whether the ensemble mean is competitive withotinespondindate-
cycledeterministic forecasts. Toeforecasts, initialized at@@OUTC and 1POUTC are
evaluatedhere for a homogeneousampleof cases in whichat least 33 ECMWF
ensemble memberand all theglobal and regionatleterministic forecastexist The
number of cases at the initial time is 159, dropping to 56 cases as5 ltday evident
from Fig. 2 that tb ersemble mean(EEMN) performedbetter in 2008than all
deterministic models excepor the highresolution ECMWF (EMX). All the models

were far superior to climatology and persistence (CLIPER) over 5 days.
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Furtherinsights into the track forecast errors may be achiev@dxploring the
Cumulative Distribution Functions (CDFs) of the errors. For each model, the number of
forecasts in each bwith an interval of50km error (650km; 583100km etc) is counted,
and tke CDF isthen deduced as gercentageof all cases For example, for -8ay
forecasts, th80" percentile oferrors in theECMWF ensemble mean is arounsom,
while that of the otheglobal and regionainodels éxceptEMX) is atleast 325%m (Fig.
3a) Similarresults are found for-2 day forecasts. Additionally, the ECMWF ensemble
mean possessed a smaller number of-kigbr (>400km) Eday forecasts than all other

models(including EMX) (Fig. 3b)

In summary, the ECMWF ensemble mean was found toohsiderably superior
to all global models excejds deterministiccounterpartwhich was outstanding in 2008
It was also superior to the regional models, GFDL and HWRHRen that the ECMWF
ensemblemean exhibitecn acceptabléevel of skill, we suggest that it eppropriateo

construct probabilistic forecasts centeredl@mean values.

(i) Ensemble mealt CMWF and UKMet

An ensemble from a single model may contain biashsrent to that model,
which precludes a realistic distribution across the entire space of possibilities from being
spanned. It is therefore appealing to use more than onel gidtia in TC track

prediction as in Fig. 4 where the ECMWFacks for Hurricae Gustav ligoredominantly
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to the right of the best track, the UKMET tracks are mostly to the left of the best track,
andthe NCEP members take a pronounced westward turn away from the bestThack.
best track would therefore lie on the edges of tepeetiveprobability densityfunctions

(pdfs) for each individual EPS, while it would be closer to the cewitéine pdfproduced

from acombined ensembl@nd thereforenterpreted aa more likely solution.

The UKMET ensemble is added to the ECMWF emisle, producing a combined
ensemble of 74 member3.he number of cases is reduckdm 165to 153 at the initial
time to produce a homogeneous sampd later timesthe UKMET ensemble members
dissipate the TC more readily than ECMWHhRereby providingg0 5day forecasts for
ECMWE by itself, but only 31 &day forecasts for ECMWARUKMET (Fig. 5a). For
this reduced sample, tHECMWF ensemble mea(EEMN) outperforms the UKMET
ensemble mean (UEMN), with an average gain in-tead of 1218 hours over UEMN
for forecasts longer than 2 days (Fig. SbJJEMN is still competitive with the
deterministic models presented in Fig. Phetrack errors in thenean of the colvined
ensemble (GEMN) are moderately smaller on average than those of the individual
ensemblesdr forecasts out to 1 day, and are comparable but not superior to the ECMWF
ensemble mean. The ECMWF ensemble mean over the full sample of 165 cases
possessea larger average error than that for the homogeneous sample, due to the fact
that 7 of theextra 12 casearefor Hurricane Omar, which produced some of the largest
track errors of the 2008 season. Finally, the CDF for a homogeneous sampkady
forecastsdemonstrates that the addition of the UKMET ensemble to the ECMWF

ensemble helpedrpduce more ensemble mean forecasts of very low @frgr5¢) For
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example, the 2bpercentile error of theombined ensemble mean w&t km, while the

20" percentile error of the ECMWF ensemble mean was over 60 km. However, the
addition of the UKMETensemble did serve to produce more large errors in the combined
ensembld80" percentile = 295 kmthan if the ECMWF ensemble were solely usgd"(
percentile = 240 km) It is worth noting that this 80 percentile value for the combined
ensemble meais lower than that found for the deterministic modei8235 km) in Fig.

3b. Similar results were found for 4nd 5day forecasts (not shown).

(i) Probability Circles: ECMWF and UKMet

Attention is now turned to the dynamic probabilityctés as constructed in Figs
le and 1j. For the homogenous sample, it was encouraging that the best track lay within
the ECMWF67% probability circle close to 67% of the timeyfforecasts o1-3'2 days
while being slightly underdispersivé®62%) for 45 day forecastéig. €c). Unlike for
ECMWEF, the best trackvas situatedwithin the UKMET 67%circles too infrequently
(40-60%). However, t cannot be concluded that the UKMET ensemble is
underdispersie. Insteadpart of the reasoning for the poor probabilistic prediction may
be attributed tanferior forecast®of theensembleand therefore itenean (UEMN) about
which the probabity circles arecenteredthereby leading to the best track falling outside
the circles more often than desired. T&¥% probability circles constructed using the
combined ECMWF+UKMET ensembkcapsulatedhe best track betweenl®% less
than the desired 67% of all casefrobability circles of different sizes were also

evaluated. For the 33% circle, the combined ensemble was slightly overdispersive at
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most times, whildothindividual ensemlgs were closer to the 33% mdfkg. 6a). For

the 50% circles, the combined ensemivkes superior, with the UKMET not capturing

the best track often enough, and the ECMWF varying between slightly overdispersive
(1.53 days) and then slightly unaiispersve (3.55 days) (Fig. ). Finally, the circle
whose radius is equal to that of the outermost ensemble member is expected to contain
the best track 100*N/(N+1) % of the time, for l[d-member ensemble €. approximately

98% for the ECMWF ensemblelror the ECMWF and combined ensemblims mark is
approached for >tlay forecastssuggesting that only on a few occasions does the best
track fall outside the entire ensemlfeg. 6d) In contrast, the best track falls outside the
entire UKMET ensemblaround 20% of all cases at short lead times, and up to 40% of
all cases for &lay forecasts. As a side note, thECMWF ensemble igonsistently
underdispersive at 12 hours, aglsoevident inthe tiny circles in Figs 1e and 1j. This is
mostlikely due tothe small initial perturbations constructed using moist singular vectors,
which are conditioned to grow rapidly owe first48 hoursof the forecast In contrast,

the UKMET ensemble has a larger spread of tracks atattiest times, which is due to
their initial perturbations possessinigrger amplitude than those from ECMWF

(Munehiko Yamaguchi, personal communication).

A breakdown of thewumber of times the best track falls within the ECMWF 67%
probability circleis given for each stormin the last four columnsof Table 2. The
statistics are dominated by 5 storms(fBa, Fay, Gustav, Hanna, Ikeach ofwhich
exhibitdistinctt r ends i n the ensembl e sFoaHuricinet y t o ¢

Bertha in the Atlantic, the majority of tHeECMWF ensemble members systematically
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failed tocapturethe turn towards the nortestfour days intdB e r t dxisteh&instead
predicting a more westward pathig. 7a). (This case also serves to illustrate that the
size of the circles does not nesasly increase with forecast time.Jhe subsequent
recurvature and unusual southward twh Bertha between 35N were also not
captured by most ensembieembers The same was true for tregjually challenging

sharp southward dip andobp of Hanna(Fig. 7c). The ensemble also had trouble
capturing the best track for-33 day forecasts of Hurricane Gustaye to erroneous
westward tracks towards the Yucatan Peninsula in the early stages, and slightly too slow
forward motionlater onin the Gulf of Mexicoand erroneously low uncertainty predicted

by the ensembl¢Fig. 4). In contrast, ér Tropical Storm Fay, the best track verified
within the circles for almost every cas&or example, as Fay was approaching Florida,
the 5day ECMWF ensemble produceah accurataneancrosstrack position and a circle
spanning a broadange of uncertainty, includinfay 6 s abr upt west war d
northern FloridgFig. 7). For the latter stages of Hurricane Ike in the Gulf of Mexico,

the best track also felvithin the ECMWEF probabilitycircles (Fig. 1j. Unsurprisingly,

the cases in which the best track commonly fell outside the coftirscoincided with a
significantchange in traclbf the storm. For near straiglme motion, the ensemble was

better able to captutbe best track, except in cases of large aloack error.

A summary of the abil i tX¢ prodability birelesitoe spect i
capture the best track% of the time is presented in Table 2, for three forecast time
ranges: 126h; 4884h; 961 2 0 h . The <c¢lassification of 0

respectivelyrefers to whether the best tradsided inside the circle too ofteapout the
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right frequency (within 5% oK% for the majority of the time rangeand too rarely.

The main result ishiat the ECMWF ensemble is able to predict the probabiltiels
between 484h, and it ioonly slightly underdispersive at 9820h. In contrast, UKMET
underpredictsthe higher probabilitiesat all times. The combined ensemiplerforms
similarly to ECMWF, except for the 136h category where the addition of the UKMET
ensemble to ECMWEF increases the spread in the tracks, leading to a more appropriate

probability circle than ECMWIproducedy itself.

The radii of the57% probability circles are illustradin Fig. 8 For the ECMWF
and combined ensembles, the radii increase nearly linearly withujprte 350 km for 5
day forecastgFig. 82). In contrast, the radii are considerably larger for the UKMET
ensemble out to 4 days, therebyspetlling the notion that the UKMETmay be
underdispersivéi.e. the circles are too narrow)Given that part of the overarching goal
of advancing hurricane prediction is to reduce the uncertainty associated with warnings
and evacuations, it is prudentdompare the sizes of the 67% circles predicted using the
ensembles with those produced by an operational centerorder to provide adir
comparison withthe 5year average employed by NHC, the ensemble forecasts that may
in principle be available athte time that NHC prepares a forecast are considered.- A 12
hour time lag is chosen here, such that eh@&r old ensemble forecast is compared
against the NHC radii for 48 housig. &). Using this estimation, the radius of the 67%
circle for ECMWFandthe combined ensembls very similar to that of NHC up to 3
days. Beyond 3 days, tlaerageensemblebased radiare smaller than NH®y 50km,

but thisstatementacks some credibilitgince the ensembles are slightly underdispersive
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at these forecastnmies. Thereforepne cannot conclude that the average radii of the

ensembldbased circles are smealmeant t han t hose

The dynamic uncertainty explained by the 67% probability circles is now
explored. A low predicted uncertaintgnfall adius) implies that it should beery
unlikely to produce a high forecast error. A high predicted uncertainty (large radius) is
expected to exist in cases of high forecast erkéowever, a high predicted uncertainty
does not preclude the existencecates of low forecast errorin Fig. 8c, the predicted
4-day forecast uncertainty based on the ECMWF ensemble is well correlated with the 4
day forecast error of the ECMWF ensemble mean over all 165 easeslicated bgn F
value of 0.89. There amo cases of low predicted uncertainty and high forecast error
(>350 km) On the other hand, those cases of high forecast error (such as the outlier from
the only 96h forecast of Hurricane Omawith error 1084 km) did have a relatively high
predicted uncertaintyAll cases produced a linear regression with a positive sldis
evident in Fig. 8d, the’rvalues were between 0892 for all ECMWF and combined
ECMWF+UKMET forecasts, at all forecast times. Thealues were between 0663
for UKMET. Interesingly, ther? values increased with longer lead time, indicating that
there was a strong correlation between predicted forecast uncertainty and actual forecast
error even for &lay forecasts, for the limited number otl&y forecasts examined here
(60 for ECMWEF only, 31 for the homogenous sample). Therefaeare encouraged
that the dynamic uncertainty basedskiiful ensemblesnay possesgalue on a casby-

case basis, in discriminatirggpriori between cases of Higand low forecast uncertainty.
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(iv)  Northwestern Pacific

The same evaluations were performed for TCs in the NW Pacific Basin during
2008, for the ECMWEF ensemble which had proven to be the most reliable in the Atlantic.
A summary of the cases evaluated is given in Table 3. Firsavragdrack errors of
the ECMWF ensemble mean were found to be significantly higher than those for the
Atlantic basin in 2008, for forecasts 8f days or morgFig. 9a). While one may
speculatehat the NW Pacific cyclones were less predictable, the forecass ef the 5
day Climatology and Persistence statistical model (CLIPER, Aberson 1998) for the NW
Pacific wereactually smaller than thosén the Atlantic. Therefore, the NW Pacific
season did not deviate from climatology as much as the Atlantic seasbit,raay be
argued that the NW Pacific tracks were therefore more predictable on avefage
forecast skilldefined by NHC(Franklin 2009)ass; (%) = 100 *(e,-&)/e,, Whereg, is the
error in the baseline (CLIPER here) amds the error in the forecast (ECMWF ensemble
mean here), is illustrated for both basins in Fig. 9b. The skill of the ECMWF ensemble
meanin the NW Pacificis vastly inferior to thatn the Atlantig particularly for longer
range forecastsThese large errorsrimany ofthe ensemblanembergand therefore its
mean)likely contributed to a systematic unegaediction of the probabilities, with the
best track verifying inside the 67% probability circle only 50% of the time for forecasts
of 3 days or morgFig. ). The average width of the probatyilcircles in the NW
Pacific was similar to that for the Atlantic for forecasts of up to 4 days, with the circles

being largein the NW Pacifidor 5-day forecast§Fig. 99.
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The numbers ofcases for which the best tracksideswithin the 67% ECMWF
probability circlesare listedfor each TGn the final four columns of Table 3As for the
Atlantic storms, theraredistinct groups of cases for which the best treedesinside
or outside the circle For straightline moving storms over the open ocean such &g 03
Rammasun and 13W Nuri, the best trdiels within the circles for most forecasts. In
contrast, 07W Fengshen was a notoriously difficult forecast using any suite of models,
with the models all consistently insisting that the typhoon would recurve instatd
actual landfall over China. 08W Kalmaegi was a similar case in which the models,
including most of the ECMWF ensemble, exhibited a bias towards the right of the track.
For the longestlived storm, 13W Sinlaku, the ECMWF ensemble produced a tiealis
scatter of track positions, but the storm stalled over Taiwan for two idagsweak
steering flow between two subtropical ridgesich led tovery high alongtrack errors.
Additionally, the timing of recurvature and subsequent rapid motion imttidatitude
westerly flow was a challenge for the ensemble, with the ensemble producing a mean
track too far to the north and with narrow 67% circles. For typhoons 18W Hagupit and

19W Jangmi, the alontyack errors were sometimes large.

5. Conclusions

The ability of global model Ensemble Prediction Systems (EPS) to provide added
benefit to operational forecasts of tropical cyclone track was evaldatetthe 2008
seasonusing newlyavailableCyclone XML (CXML) datain the TIGGE databaseln

additon to the skill of the ensemble medorecast, this paper represents a first
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investigation into thextent to whickdynamicEPSbasedi pr obabi | i ty cir cl

to capture the best tragkappropriate number dimes

For the Atlantic basinthe ECMNVF ensemble mean was found to possess
considerably lower errors than all the global and regiomalelsused at NHC, except for
the deterministic ECMWF model which was outstanding in 2008. The ensemble mean
produced fewer forecasts of high error thany af the deterministic models. For the
probabilistic forecasts, the circles were centered on the ensemble nidsn.most
significant and encouragimgsult of this investigation is that the ECMWF ensemble was
able to produce accurate 67% probabilitcleis for1-3% dayforecasts, and it was only
weakly underdisersive for 45 day forecasts For all forecasts of 2 days or more, the
ECMWEF ensemble produced neaorrect probability circles at the 33%, 50% and 98%
levels. Given that the ECMWF ensembleroduced admirably accurate mean and
probabilistic forecastsver the season, there was little room for improvement by adding
the UKMET ensemble. Nevertheless, the combined ECMWF+UKMET ensemble
produced more mean forecasts of small error than either indiveshsemble. And the
combined ensemble also yielded more accurate probabilist36 our forecasts. The
UKMET ensemble alone produced an ensemble mean that was inferior to ECMWF (~50
km for 24 day forecasts), although it was competitive with mostroetéstic and
regional models. For all probabilities higher than 50%, theest track was situated

outside the UKMET probability circlemore often than desired.
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For the forecast time range in which the 67% probability circles were judged to be
adequatethe average radius of the probability circles was comparable to the fixed radius
of the NHC cone of uncertainty. A linear regression analysis on the ensemble mean
forecast errors versus the forecast circle radii yielded an incresisjpgywith an f value
that exceeds 0.8 for the ECMWEF ensemble for all forecast times up to SEleysining
individual cases, it was found that the best track fell outside the probability circles
particularly for recurving tropical cyclones, which is to be expected sihe& t
predictability is accordingly lower (Aberson and Sampson 2008)lying that the truth

is more likely to occur on the edges of the distributions than inrigtlictability cases.

The results for the ECMWF ensemble in the Northwestern Pacific bhasain
distinct contrast to those of the Atlantic basin. The ensemble mean possessed
significantly less skill (relative to CLIPER), and accordingly the best track was situated
outside the probability circles more often than required. The average vofltihe
probability circles were similar in both basins for forecasts up to 4 days, while the circles

were on average larger in the NW Pacific fedtdy forecasts.

In summary, based on the 2008 Atlantic data, the ECMWF ensemble holds
promise for probabitic track forecasting, and also for use in predictions of consensus
error and dynamic wind speed probabilities (Goerss 2D@Kjaria et al. 2009), and new
metrics such as the probability of gale force winds. However, we must caution that the
sample size is limited, and many additional cases are required to corroborate the main

conclusions. Investigations are under way into thlearacteristics of EPS perturbations
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from different centers, and the associated ability to make accurate iisticab

predictions of TC trackn the Atlantic and NW &ific basins.

Given that different ensembles can produce distinct probability distributions, the
addition of further globaEPS from the TIGGE database, suclN&GAPS,NCEP, and
JMA, may be expected tonprove the quality of the ensemble mean and probabilistic
forecasts. Other nedée&rm improvements include the extension of these forecasts beyond

5 days, and the introdueh of probabilities in alongrack and crossrack directions.
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Appendix

A list of acronymaused throughout this papiergiven in Table Al.
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Figure Captions

FIGURE 1. 5day ensemble forecasts for Hurricane lke, atited (left) on 00 UTC '8
September 2008, and (right) on 00 UTE September 2008. <@ and (fh): Ensemble

track forecasts for ECMWF, UKMET and NCEP respectively. The length of each
forecast in days is depicted by the integefs 1(d) and (i): Bt type: the respective
ensemble mean forecasts. Nuold type: deterministic model forecasts initialized at the
same time. The acronyms are defined in Table Al of the Appendix. (e) and (j): 67%
probability circles for the ECMWF ensemble, illustratedladay forecast intervals
between 0 and 5 days. The NHC best track is given by the line connecting hurricane

symbols, which are plotted at 00 UTC on each day.

FIGURE 2. Average track forecast error of ECMWF ensemble mean (EEMN), compared
with other latecycle deterministic forecast models and CLIPER, for 159 Atlantic cases.

Note that data from UKX were only available out to 3 days.

FIGURE 3. Cumulative distribution functions (CDFs) of track forecast error (in km),

averaged over 159 cases during the@Atlantic season. (a) 3 days; (b) 5 days.
FIGURE 4. 5day ECMWF, UKMET and NCEP ensemble forecasts for Hurricane

Gust av, initialized at 00 UTC 28 August 200E¢

different font style, with the length of foret¢atepicted by the integer value.
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FIGURE 5. (a) Number of cases for ECMWEF ensemble only in Atlantic; homogeneous
sample of ECMWF+UKMET ensemble data in Atlantic, and ECMWF ensemble in the
northwestern Pacific.  (b) Average error of ensemble mean t@ekasts in the
Atlantic, for the homogeneous sample (153 cases) and for the full set of ECMWF data
(165 cases). (c) CDF of ensemble meada@ track forecast errors for the same

ensembles as in (b).

FIGURE 6. Percentage of homogeneous cases in whlashttack exists within an
ensemblébased probability circle enclosing (a) 33%; (b) 50%; (c) 67%; and (d) 100% of

all the ensemble members.

FIGURE 7. 67% probability circles for the ECMWF ensemble, illustrated-aeayl
forecast intervals between 0 andl&ys. The ensemble mean position is also plotted.
The NHC best track is represented by the line connecting the hurricane symbols, which

are plotted at 00 UTC on each day.

FIGURE 8. (a) Average radius of the 67% probability circles for the homogeneous
ensembles. (b) Same radii with a-i@ur time lag, compared against the NH@ear

mean circle radius (2008). (c) Scatter plot of the-day ECMWF ensemble mean
forecast error versus the radius of the 67% probability circle for that forecast (72 cases).
The best fit regression line is also shown. (dyalues for the correlation between

ensemble mean forecast error and the radius of the 67% probability circle.
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FIGURE 9. (a) Track errors for the ECMWF ensemble mean and CLIPER forecasts in
the Atlantc and NW Pacific basins. (b) Forecast skill of the ECMWF ensemble mean
relative to CLIPER in the Atlantic and NW Pacific basins. (c) Percentage of cases in
which the best track is contained within the ECMWF 67% probability circles. (d)

Average radius alhe ECMWF 67% probability circles.
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Table Captions

TABLE 1. List of Atlantic cases for which ECMWF and UKMET ensemble data exist,
for each tropical cyclone. The last 4 columns (italicized) give the number of cases in

which the best track is containedathin the ECMWF 67% probability circles.

TABLE 2. Summary of the ability of the ensemibl@sedX% probability circles to

capturex% of the best tracks over the 2008 Atl at
track falls within the probability circlmore tharX+ 5% of t he ti me, and AU
that the best track falls within the probability circle lesstkahi % of t he t i me.
indicates that the probability circles are adequately dispersive on average, with the best

track existing within tk circles betweeK-5% andX+5% of all cases.
TABLE 3. List of Northwestern Pacific cases for which ECMWF ensemble data exist,
for each tropical cyclone. The last 4 columns (italicized) give the number of cases in

which the best track is contained viiththe ECMWF 67% probability circles.

TABLE Al. List of acronyms used in text, figures and tables.

31



15N

SON

15N

SoN

30N A

15N

0w

70w

oW

70w

65w

60w

BAW

30W

70W

gow

60w

35N

30N+

25N 1

20N 1

105W

100w

95w

SON

30N

25N

20N

(g)

108w

100w

30N

25N

20N

15N
105W

T00W

95w

90w 85w s0W 75W



35N

30N A

Z0N

15N

SaN

30N

25N

20N

15N

100w 95w 90w 85w S0W 75W

35N
Means + determinsistic
30N
UKXS
T .. UBMNZ.
eening TVRFS Mmg{mk‘mum“"_"wxz """"" B 75N
Ewxs A nes LIRS, . g 1
AEMNTEMNE . 00 B —————
B o aamNa. EEMND
Rowgs T EMRes S‘\:@ﬁmz
b e
Z0N
2= % -
"
T T T T T T 15N
85W 80W TEW TOW G5W GOW 105W
a0N
30N 4
75N 1
Z0ON
.
T T T T T T 15N
85w 80W THW FOW BEW GOW 105W

100w 95w 90w 85w S0W 75W

FIGURE 1. 5day exsemble forecasts for Hurricane Ike, initialized (left) on 00 UYC 5

September 2008, and (right) on 00 UTE September 2008.a() and (£h): Ensemble

track forecasts for ECMWF, UKMET and NCEP respectively. The length of each

forecast in days is depicted by the integefs 1(d) and (i) Bold type: therespective

ensemble meaforecasts. Noibold type: deterministic model farasts initialized at the

same time. The acronyms are defined in Table Al of the Appendix. (e) and (j): 67%

33



probability circles for the ECMWF ensemble, illustrated aflay forecast intervals
between 0 and 5 days. The NHC best track is given by thecdineecting hurricane

symbols, which are plotted at 00 UTC on each day.
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FIGURE 2. Average track forecast error of ECMWF ensemble ift&akN), compared

with other latecycle deterministic forecast modedad CLIPER for 159 Atlantic cases.

Note that dta from UKX were only available out to 3 days.
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FIGURE 3. Cumulative distribution functions (CDFs) of track forecast error (in km),

averaged over 159 cases durihg 2008 Atlantic season. (a) 3 days; (lola§ys
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