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ABSTRACT

TheEuropearCentrefor MediumRangeWeather~orecasts
(ECMWEF) hasrecently nished ERA-40, a reanalysisovering
the periodSeptembel957to August2002.Oneof the products
of ERA-40consistof 6-hourlyglobal elds of wave parameters
like signi cant wave heightandwave period. Thesedatahave
beengeneratedvith the Centres WAM wave model.Fromthese
resultstheauthorshave derivedclimatologiesof importantwave
parametersincluding signi cant wave height, meanwave pe-
riod, andextremesigni cant wave heights. Particularemphasis
is on the variability of theseparametershothin spaceandtime.
Besidesfor scientistsstudyingclimate changetheseresultsare
alsoimportantfor engineeravho have to designmaritime con-
structions. This paperdescribegshe ERA-40 dataand givesan
overview of the resultsderived. The resultsare availableon a
global1l.5 1.5 grid. They areaccessibldrom the web-based
KNMI/ERA-40 Wave Atlas at http://wwwknmi.nl/waveatlas.

INTRODUCTION

TheEuropearCentrefor Medium-Rangé&\VeatherForecasts
(ECMWEF) hasrecentlyperformedERA-40, a 45-yearreanaly-
sis(Sept.1957to Aug. 2002)of globalmeteorologicalariables
(Uppalaetal. 2005). Thereanalysisvasproducedoy ECMWF's
Integratedrorecastingsystem(IFS) thatusesvariationaldataas-
similation. As IFS employs a sea-statalependenseasurface
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roughnessan oceanwind wave modelis coupledto the atmo-
spheremodel. Therefore the ERA-40 datacontainthe longest
andmostcompleteglobalwave datasetvailable. It is givenona
1.5 1.5 latitude/longitudegrid coveringthewholeglobe.The
continuousA5-yearlength of the ERA-40 datasetsnakesis es-
pecially suitableto study climatevariability andto estimateex-

tremevaluesof certainwave parameters.g.,the100-yeareturn
wave height.

As partof the ERA-40projectwe have extensiely assessed
thequality of thewave-relateparameterandusedthemto build
theweb-basedKNMI/ERA-40 Wave Atlas describinghe global
wave climate. This papergivesan overview of the veri cation
work doneandhighlightsthe mainfeaturef the atlas.

Theatlascontainssomeexplanatorytext, abasicdescription
of thewind andwave climatesin termsof meansandvariability,
andwave statisticsthat areimportantin oceanengineeringand
naval architecture.The objectve is two-fold. Onthe onehand,
theatlasaimsat providing a global descriptionof the oceancli-
mateby meansf simplestatisticaimeasuresOntheotherhand,
it aims at revealing the existenceof decadalvariability in the
wave climateandshowing the extentto which this variability af-
fectsthe estimatesof parametersuchasthe “100-yearreturn
signi cant wave height”whichis usedin the designof shipsand
of coastaland offshorestructures. The informationon decadal
variability is alsoof greatinterestfor climate(impact)research.

The wave-statisticgart of the atlascomplementsupdates
and improves the few existing and popular sourcesof global
wave statistics hamelythe Global Wave Statisticsbook of Hog-
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benetal. (1986)andthe Atlas of the oceanwind andwave cli-
mateof YoungandHolland (1996). The informationin Hogben
et al. (1986)wasderived from visual obsenationsfrom Volun-
tary ObservingShips(VOS) andthereforesuffers from the rel-
ative unreliability of visual obsenationsand their poor spatial
coverageoutsidethe North Atlantic. The atlasof Young and
Holland (1996) was createdusing only threeyearsof altimeter
data.Dueto its lengthandthe uniform spatialandtemporalcov-
eragethe ERA-40 dataoffer the opportunityto improve upon
theseearliersources.lt is possibleto obtainrobustestimateof
meansandextremesandtime seriesanalysisbecomedeasible.

Regarding climate variability, the atlasreportsand analy-
sesthevariability obsenedduringthe 45-yearmeriodcoveredby
ERA-40,payingspecialattentionto its effectson parameteesti-
mates.Forinstance100-yeareturnwave heightestimatedased
ondatafrom threedifferentdecadesresigni cantly differentin
theNorth Paci ¢ andthe North Atlantic. This partof theatlasis
alsointendedto complementurrentstudiesof ocearwave vari-
ability in limited areassuchasWASA (1998),GuedesSoareset
al. (2002)andWangandSwail (2001).

Theatlascoverssigni cant wave height(Hs), 10-metrewind
speedU;g) andmeanwave period(Ty,). However, dueto space
limitations, this paperfocuseson wave height.

THE DATA SOURCES
What is Reanalysis?

A weatherforecastis essentiallyan initial value problem.
Giventheatmospheristate(the“weather”)atonetime, thestate
at a later time canbe calculated. The problem,however, with
this simple view is that the atmosphericstateis never known
exactly. For large partsof the atmospher@bsenationsare not
available (remoteareasupperair), andavailable measurements
necessarilycontainerrors. To overcomethis problemthe initial
statefor a weatherforecastis obtainedby a combinationof the
latestforecastandall new obsenations. The latestforecasthas
usually beeninitialized six hoursearlierand givesa good r st
guesdor theinitialization of a new forecast.Most importantly
it providesa completedescriptionof the atmospherasby def-
inition it hasvaluesof all relevant quantitiesat all grid points.
The rst guesds thencombinedwith the newly availableobser
vationsin a way not violating physicallaws. The obsenations
“push” the rst guesdowards“reality”. At ECMWF this analy-
sisstepcostsabouthalf of thetotal CPU-timeneededo make a
10dayforecasttheotherhalf beingusedfor thetimeintegration.

As a consequencegperationalforecastcentresnaturally
producea completedescriptionof the atmospheres state,usu-
ally four timesa day. In principle, thesedatacould be a valu-
able sourceof information for all kinds of investigationinto
the long-termvariability of the atmosphere However, weather
forecastmodels(including the analysisprocedure)are continu-
ally improved. Therefore,variability in the analysess domi-

natedby modelchangegatherthanby naturalvariability, mak-
ing themunsuitablé€or variability studies.Theaim of reanalysis
is to overcomethis problemof inhomogeneity A state-of-the-
art analysissystemis usedto repeatthe analysisprocedurefor
the past. As a resultone obtainsa completedescriptionof the
atmospher@ver a long periodof time which is free of inhomo-
geneitiedueto modelchangesUnfortunatelyinhomogeneities
dueto changes$n datacoverageremain.

ERA-40

For the productionof ERA-40a versionof the IFS hasbeen
usedthatwasoperationain June2001.To make a45-yearsinte-
grationpossible the horizontalresolutionof the modelhasbeen
decreasetb T 159( 125km)insteadof T 511( 40km)that
is currentlyusedin operationsandthe4DVAR dataassimilation
procedurehasbeenreplacedby the cheaper3DVAR. A com-
pletedescriptionof the IFS canbe foundat http://www.ecmwf.-
int/research/ifsdocs/incehtml.

A distinguishingfeatureof ECMWF's modelis its coupling
to a wave model. The couplingis needecthecausever seathe
roughnessengthdepend®on the seastate(Jansser1989,1991).
Speci cally, the Charnockparameter{Charnock1955) is not
taken constant,but is a function of the whole wave spectrum.
Thuswave informationis a naturalproductof ERA-40. Start-
ing in 1991, wave heightdataobtainedfrom the altimeterson
boardof ERS-1andERS-2are assimilated. The impactof the
assimilationwill bediscussed.

The wave model usedin IFS is the well-knowvn WAM
(Komenetal. 1994). It is a so-calledthird generatiormodelin
which the wave spectrumis computedby integrationof the en-
ergy balancesquatiorwithoutany prior restrictionof thespectral
shape Fromthefull spectrumntegral quantitiedik e signi cant
wave heightor meanwave frequeng arecalculated.The model
resolutionis 1.5 1.5, andthetime step15 minutes. At each
fourth time stepthe actual10-metrewind from the atmosphere
model,which hasa time stepof 20 minutes,is passedo WAM.
The new roughnessengthis thencomputedand passedackto
the atmospheranodel whereit is usedto calculatethe air-sea
ux esof momentumheatandmoisture.

Outputof resultstakesplaceat the commonsynoptichours
00, 06, 12, and 18 UTC. A large subsetof the complete
ERA-40 dataset, including Hs, meanwave period and mean
wave direction, canbe downloadedfree of chage from http://-
data.ecmwf.int/data/d/eraddaily/. This subseis availableona
2.5 2.5 grid. Thecompletedataseatthefull modelresolution
(1.5 1.5) is availablethroughECMWF's DataService. This
serviceis notfree.

Validation data
Buoy measurements Buoy obsenationsare the most
reliable wave obsenations, but they are limited in spaceand
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time. Most buoys are locatedalong the coastin the Northern
Hemisphere and are available only after 1978. We use buoy
obsenations from the American National Data Buoy Center
(NDBC-NOAA), which are freely available from http://www:-
nodc.noaa.ge'BUQY/buoy.html. The buoys are situatedalong
the coastf North America.

From the available NDBC-NOAA buoy locations20 have
beenselectedor thevalidations.Selectioncriteriawerethe dis-
tancefrom the coastandthe waterdepth.Only deepwaterloca-
tionscanbetakeninto accounsinceno shallov watereffectsare
accountedor in the wave model, andthe buoys shouldnot be
too closeto the coastin orderfor the correspondingyrid points
to be locatedat sea. The buoy Hs and surfacewind measure-
mentsare available hourly from 20-minuteand 10-minutelong
records,respectiely. Althoughthesemeasurementsave gone
throughsomequality controlthey are processedurther usinga
proceduresimilarto theoneusedat ECMWF (Bidlot etal. 2002)
anddescribedn Cairesand Sterl (2003). Wind speedsare ad-
justedto 10 m heightusinga logarithmicpro le underneutral
stability (e.g.,Bidlot etal. 2002). In orderto comparethe ERA-
40 resultswith the obsenations,time and spacescalesmustbe
madecompatible. Thereanalysisesultsareavailableat synoptic
times(every 6 hours)andeachvalueis anestimateof theaverage
conditionin a grid cell, while the buoy measurementarelocal.
Therefore,the reanalysisdataare comparedwith 3-hour aver-
agesof buoy obsenations,3 hoursbeingthe approximatdime a
long wave would take to crossthe diagonalofal.5 1.5 grid
cell at mid latitude. To getERA-40 dataat the buoy locationthe
reanalysidataat the appropriatesynoptictime areinterpolated
bilinearly to the buoy location.

Altimeter measurements  While buoys provide high-
quality continuouspoint measurementsatellite-borraltimeters
provide nearglobal coverage,but every point is sampledonly
oncein several (typically 10) days. We usealongtrack quality
checled deepwater altimetermeasurementsf Hs andthe nor-
malizedradarcrosssection(sg) from GEOSA, TOPEX,ERS-
1, and ERS-2. The dataare obtainedfrom the Southampton
Oceanographgentre(SOC) GAPSinterface(http://www.soc.-
soton.ac.uk/ALIMETER; Snaith2000). The drift obseredin
TOPEXwave heightsduring1997to 1999(cycles170to 235)is
correctedaccordingo ChallenorandCotton(1999),andtherela-
tion H'% = 1:05HP*  0:07 (CairesandSterl2003)is usedto
make the TOPEX obsenationscompatiblewith the buoy obser
vations. The GEOSA altimeterwave heightdataareincreased
by a factorof 1.065accordingto CottonandCarter(1996). No
correctionsareappliedto the datafrom ERS-1andERS-2. The
surfacewind speedup to 20 m/sis obtainedfrom sg usingthe
algorithmof Gourrionetal. (2002),while for wind speedsbove
20 m/stherelationof Young(1993)is used.More detailscanbe
foundin CairesandSterl (2003).

The satellitemeasurementare performedaboutevery sec-
ond with a spacingof about5 to 7 km. “Superobsenations”
areformedby rst groupingtogetherconsecutie measurements
crossinga 1.5 1.5 region. The satelliteobsenation is then
takenasthemeanof thesegroupeddatapoints. A quality control
similar to the oneappliedto the buoy datais done. Thereanal-
ysisdataarelinearly interpolatedn spaceandtime to themean
locationandthe meantime of the altimeterobsenation.

ASSESSMENT OF THE ERA-40 WAVE PRODUCT
Validation

Before using the ERA-40 wave datato producederived
guantitiesthey have beenextensively validatedagainstuoy and
altimeterdata. Figure1 shows thetimeserief Hs asmeasured
at buoy 46001in the Gulf of Alaska(148.3 W, 56.3 N) during
1988,togethemith thecorrespondindERA-40data. Threeprop-
ertiesof the ERA-40 datacaneasilybe recognized:(a) the two
curvesarenearly perfectlyin phase(b) low wave heightstend
to be overestimatedy ERA-40, and(c) high wavestendto be
substantiallyjunderestimated.

Thesethreefeaturesarenota peculiarityof thespecialoca-
tion, but a generalpropertyof the ERA-40 wave data. Among
the reasonsfor these de ciencies are resolution (P. Janssen,
pers.communicationpnda slight underestimatiof highwind
speedgCairesandSter|2003). Thesereasonsre,however, not
sufcient to fully explainthe severeunderestimationf thewave
heightsin ERA-40.

Due to changesdn the dataassimilated the characteristics
of the dataarenot homogeneous time. Four differentperiods
have to bedistinguished:

P1 09-1957t011-1991(P1a)and06-1993to 12-1993(P1b):no
assimilationof altimeterwave heightdata,

P2 12-1991to 05-1993:assimilationof faulty ERS-1FDP (Fast
Delivery Product)wave heightdata,

P3 01-1994to 05-1996: assimilationof good but uncalibrated
ERS-1FDPwave heightdata,and

P4 06-19960nwards: assimilationof ERS-2FDP wave height
data.

Figure 2 shaws the timeseriesof the globally averaged
monthly meanHs from ERA-40. This quantityhasno physical
interpretatiorbut senesto give asynthesizegictureof thedata.
Thefour periodsidenti ed above areclearlyvisible. Thisis es-
peciallytruefor periodP2. Thefaulty datathatwereassimilated
have adensityfunctionwith two peaks.Oneof themis sharpand
locatedaround2 m (BauerandStaabsl 998)andcorresponds$o
a systematicoverestimatiorof wave heightsaroundthat value.
PeriodP4 canalsobe easilyidenti ed: it startswith a positive
trendandthenlevelsoff.

Cairesand Sterl (2005b) have analyzedthe error charac-
teristicsof the four periodsin more detail. The following is a
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Figure 1. Measued(dotted)andmodelled(solid) Hs at buoy46001(148.3 W, 56.3 N) in 1988.
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Figure 2. Timeserief themonthlymean globally averagedHg
from ERA-40. Monthly meansare computedrom the 6-hourly

elds betweerB1 Sand 81 N, and a latitudinal correctionhas
beenapplied.

shortsummaryof their ndings illustratedwith quantile-quantile
(Q-Q) plots of buoy wave heightsagainstt RA-40wave heights
(Figure3). Correspondinglotsusingaltimeterwave heightsin-
steadf thebuoy measurementgive essentiallfhesamepicture.

P1 In this periodthe monthly meanwave elds comparewell
with obsenations,but asshovn in Figurel ERA-40under
estimatedighwave heightsandoverestimatethelow ones.
Especiallytheunderestimatiois clearlyvisible in theupper
left panelof Figure3.

P2 In this period the Hs valuesbelonv 3 metresare overesti-
matedandthoseabove are underestimatedThe quality of
thewaveswith heightsabore 3 mis similarto thatin period
P1. The Q-Q plot of ERA-40dataversusbuoy data(upper
right panelof Figure3) clearlyshonvstheoverestimatiorfor
valuesbetweeril and3 metresthatis dueto the peakin the
distribution functionof the ERS-1FDP mentionedabore.

P3 In this periodthe known calibrationcorrectionto the ERS-1
FDP datawas not appliedbecausealthoughit would have
improvedthe analyzedHs data,it would have givenpoorer
too high, meanwave periods.Thequality of thewave height
datais thereforesimilar to that of the datain period P1,
thoughit hasa lower scatterindex (rms error normalized
by themean;not shown).
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Figure 3. Quantile-quantileplots of Hs from the 20 selected
buoysagainst collocatedERA-40valuesfor the different peri-
odsindicated. Asterisks:raw ERA-40data, circles: corrected
data(to bediscussedater).

P4 The assimilationof the ERS-2FDP measurementsf wave
heightduring P4 hasimprovedthe analyzedHs, especially
in thetropics. Theunderestimationf highwave heightsand
the slight overestimatiorof low wave heightsby the ERA-
40 datasethowever, continuesin this period, asis clearly
seenin thelowerright panelof Figure3.

Estimation of extreme signi cant wave heights

For safetyconsiderationst is importantto know extreme
wave heights,i.e., wave heightsthat are, on average exceeded
only onceper 20, 50, or 100 years. Despitethe ERA-40 wave
heights'inability to capturehigh wavesthedatasetprovedanin-
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Figure 4. Linear correlationbetweerl00-yeareturnvalueesti-
matesof Hs from buoy dataand from ERA-40. Thedashedine
iseq.(1).

valuablebasisto obtainglobal estimate®f theseextremes Note
thatonly extremesof signi cant wave heightratherthanthoseof
individual wavescanbe obtainedirom the ERA-40data.

To estimatereturn wave heightswe usedthe Peak-Oer-
ThresholdPOT) method(e.g.,Coles2001)ratherthanthe usual
t of a distribution function. There are no good theoretical
argumentsas to what distribution that t shouldbe. In the
POT method,a thresholdis chosen.Wheneer wave heightex-
ceedghatthresholdfor a periodof time, the highestexceedence
within thatperiodis recorded On theoreticalgroundshe excee-
dencesnust t the two-parameteGeneralizedParetoDistribu-
tion (GPD). As a specialcasethe GDP containsthe exponential
distribution, which hasonly oneparameterStatisticattestsshow
thatthe obsenreddistribution of the exceedencesannotbe dis-
tinguishedfrom an exponentialone. Therefore,an exponential
distributionwas tted to theexceedencet® obtainthereturnval-
ues. After sometrial anderrorthe 93% quantilewaschosenas
thethresholdat eachgrid point.

Doing so both for buoy measurementandfor the ERA-40
dataresultsin a linearrelationbetweernthe 100-yearreturnsig-
ni cant wave heights(Xyo0) obtainedrom bothsources:

Xpoo¥ = 0:52+ 1:30XERA @)

Thisrelationis illustratedin Figure4. More detailscanbefound
in CairesandSterl (2005a).

Buoy locationsare very unevenly distributedin spaceand
thelargestvalueof X;oo foundatthebuoy locationsis aboutl7m
(Figured). Thereforet wouldbepreferabldo havearelationbe-
tweenXj oo estimatesrom ERA-40 andfrom satellites,respec-
tively. However, satellitescrossa given point only oncein typi-
cally 10days.Togethewith therelative shortnessf thesatellite

recordthis givestoo few datafor a reliable extreme-alueesti-
mate. Especially the averagenumberof exceedenceper year
cannotbe determined However, asfar aspartsof the estimation
procedurewere possiblewith satellitedatatheir resultsare not
incompatiblewith (1), andwe thereforeapply (1) globally and
for all valuesof X;go.

Figure 5 shaws the Xj0p valuesobtainedby applying the
POT methodto the ERA-40dataandcorrectingtheresultsusing
(1). Obviously, the highestvaluesoccurin the North Atlantic.
Onemight suspecthis to resultfrom obsenation densitybeing
higherin the North Atlantic thanin the SouthernOcean.While
this is true for the early years,dueto satellitesdatadensityis
comparablén bothareagowardsthe endof the ERA-40period,
but still the returnvaluesarehighestin the North Atlantic (Fig-
ure5, lowerright panel).While mearwave heightsarenothigher
in the North Atlantic thanthey arein the North Paci ¢ orin the
SouthernOcean(seeFigure 6 belaw), the North Atlantic shavs
the highestvariability as measurede.g., by the inte-monthly
standardieviation (notshown). In otherwords,conditionsin the
SouthernOceanare always rough, while in the North Atlantic
you canbe lucky andthe seais calmevenin winter, or you nd
yourselfbetweerthe highestwavespossibleon earth.

Somecarehasto be takenin interpretingthe mapsin Fig-
ure5. First, ERA-40 valuesrepresent-hourly averagesover a
1.5 1.5 area.Thetime andspacescalesf thebuoy datahave
beenmadecompatiblewith this modelscaleasdescribedabore.
Therefore the extremevaluesdepictedin Figure5 arefor those
scales,and much higher waves on smaller spatialand tempo-
ral scalesmustbe expected.Secondlythe versionof the WAM
modelusedfor ERA-40 doesnot containshallov-watereffects.
ThereforeFigure5 is notvalid alongthe coastsFinally, tropical
stormsarenot properlyresohedon a T 159-grid. In regionsof
tropical cyclonesextremewaves heightsare thereforeexpected
to be higherthanshown in the gure.

Correction of ERA-40 data

Two mainlimitationsof theERA-40H datahave beeniden-
tied. The existenceof inhomogeneitiesn time (seeFigure 2)
limits the useof the datafor studiesof climate variability and
trends,andthe underestimatiomf high wave heights(Figure1)
discourageshe useof the datain designstudieswherethe good
descriptiorof thedatain all rangeds important.

Inspectionof time seriesat buoy locationssuchasFigurel
led usto the conclusionthatthe disagreemerbetweermodeled
andobsened Hs is similar in similar situations. Basedon this
obsenation we proposeda nen approacho improve the ERA-
40 signi cant wave height elds. It is basedon nonparametric
estimation(Cairesand Sterl,2005b). The ideais to estimateat
eachtime stepthe error betweenthe ERA-40 Hg valueandthe
“true” signi cant wave height value and then correctthe data
usingthe estimate. The rst stepin errorestimationis to con-
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Figure 5. 100-yearreturn Hs from ERA-40,correctedusing the relationshipdisplayedin Figure 4. Notethat the resultspertain to
avemgesover1l.5 1.5, thatshallowwatereffectsare notincluded,andthattropical cyclonesare notresolvedn ERA-40.Theupper
left panelis for thewholeERA-40period (1958-2000)while the other panelsare derivedfromthree 10-yearsub-periodsasindicated.
Thesepanelsare discussediater.

struct a “learning dataset’by collecting the discrepanciede-
tweenmodeland“truth”, the latter beingrepresentedby collo-
catedTOPEXmeasurement§.hisis doneseparatelyor eachof
the four periodsP1-P4to accountfor theinhomogeneitiesThe
secondstepis to nd for eachmodeltime step“similar” situa-
tionsin the learningdatasetandto usethe errorsto correctthe
modelvalue.Usuallyseveralsimilar situationsarefound,sothat
alsoacon denceinterval aroundthecorrectedlatacanbegiven.
Trying severalpossibilitiesthe mostef cient wayto de ne “sim-
ilar” wasfoundto requirethatthelast3 consecutie valuesof Hg
areclosetogether For moredetailsseeCairesandSterl (2003b).

Usingthis methodwe createda new 45-yearglobal6-hourly
dataset—th&-ERA-40dataset Comparison®f the C-ERA-40
datawith measurementom in-situ buoy andglobal altimeter
datashaw clearimprovementsn bothbias,scatterandquantiles
in the whole rangeof values,aswell asthe removal of thein-
homogeneitieshat aredueto changesn altimeterwave height
assimilation. This canbe seenfrom the Q-Q plotsin Figure3,
which containthe resultsfrom both the original ERA-40 data

andfrom C-ERA-40,aswell asfrom a comparisorof theglobal-
meanHs from ERA-40(Figure2) andfrom C-ERA-40(Figure8
below). The plotsshow thatthe nonparametricorrectionworks
effectively in thewholerangeof Hs valuesandfor all periods.

SOME HIGHLIGHTS FROM THE KNMI/ERA-40 WAVE
ATLAS

Theatlasis dividedinto 5 mainparts:introductionandback-
ground;descriptionof the datasourcesgatavalidation;descrip-
tion of climateandclimatevariability. Herewe will describein
somedetailhow theinformationon climateandits variability are
presentedn the atlasandhighlight someaspects.

Climate

Climateis by de nition the synthesiof weatherconditions
in a givenarea,characterizedby long-termstatistics(meanval-
ues,standarddeviations, quantiles,etc.) of the meteorological
elementdn thatarea. The World MeteorologicalOrganization
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Figure 7. Meanannualexceedencesf 9 m of Hg (C-ERA-40Jeft) and of 24 m/sof U1q (right) in daysper year Notethat the results
pertainto 6-houravetagesover 1.5 squae boxeswith nowind gustsincluded.

(WMO) recommends<limate to be basedon 30 yearsof data.
The wave climateinformation providedin the atlasis therefore
basednthe30yearsrom 1971to 2000. It includesmonthlyand
annualmeansstandarddeviations,90% and99% quantiles the
annualmeantime of exceedencef certainthresholdspamely3,
6 and9 m for Hs, and11, 17 and24 m/sfor U1ol, takulatedfre-
queng histogram®f Hs andmeanwave period,andestimate®f
100-yeareturnvalues.Thereturnvaluesarebasednthewhole
dataset(notonly 1971-2000}o0 increaseheir accurag.
Figure 6 shavs the annualmeanclimatesof Hg (from the
correctedC-ERA-40)andU;p. They arecharacterizedy high
valuesin the stormtrack regions of both hemispheresnd low
valuesin the Tropics. While the highestmeansoccurin the
SouthernHemispherethe mostextremewave andwind condi-
tions are found in the North Atlantic. Figure 7 shows the an-
nual meanexceedencesf the 9 m and 24 m/sthresholdsf Hg

1The thresholdgor U;1g werechosenin line with the minimum velocitiesof
the WMO 1100 Beaufortscalefor strongbreeze(Beaufort6, 10.8 m/s), gale
(Beaufort8, 17.2m/s)andstorm(Beaufort10, 24.5m/s).

andUs, respectiely. Exceedencearehighestin the Northern
Hemispheregspeciallyin the North Atlantic. In this region also
the 100-yeareturnvalueestimate®f Hs (Figure5) andU; o (not
shawn) arehighest.

Climate variability

The atlasdescribeghe wind and wave climate variability
in severalways. A shortsummaryis providedby basin-aeraged
monthly-meanimeseriedor sevenocearbasingglobal,Antarc-
tic Ocean,Indian Ocean,Southand North Paci ¢, Southand
North Atlantic). Figure 8 shows the C-ERA-40Hs andU1q av-
erageof monthly meansoverthe globeusinglatitudecorrection
anda smoothingof 12 monthsto remove the annualcycle. The
mostprominentfeatureof the Hs timeserieds a dip in Septem-
ber 1975 which also seemsto signal a changein regime since
the level of the timeseriesafter the dip is higherthan that be-
fore. This featureis alsopresentn the U1g timeseriesandcan
be tracedto the Paci ¢ sectorof the Antarctic Ocean(between
120 E, 65 Sand120 W, 25 S),whereU; obtainsits minimum.
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Figure 8. Timeseriesof globally avemged Hs (C-ERA-40,top)
and U1 (bottom)using latitude correctionand a smoothingof
12 monthsto remaretheannualcycle

Due to swell propagationit affects the averageof Hs over all
basinswith the exceptionof the North Atlantic (seeFigure10).
We cannottracethe 1975minimumin thetimeseriedo changes
in the obsenationssystemof ERA-40, and thereforeit is pos-
sible thatit is real featureof the climate system. However, the
changein the level of the timeseriesheforeand after the mini-
mumis mostlikely dueto the assimilationof satellitedatafrom
1979onwards.

The variability is describedin more detail by maps of
monthly and annualanomaliesof the meanand the 90% and
99% quantiles.Anomaliesarecalculatedwith respecto the pe-
riod 1971to 2000. One of the waysin which variability can
be revealedis throughthe detectionof trends. Thereforethe at-
lascontainamapsof trendsof the monthlymeansandof the 90%
and99%quantiles. Thetrendsvary percalendamonthandfrom
locationto location,with someregionscharacterizethy negative
and other by positive trends. The trendsin the 90% and 99%
quantilesshav the samespatial patternsas thosein the mean,
but have higherslopes.Maximumtrendsin the meanHs are of
about4 cm/yearandin the99%quantilesof about7 cm/year For
wind speedhe upperlimits areabout6 (cm/s)/yearfor themean
and 12 (cm/s)/yearfor the 99% quantiles. As an exampleFig-
ure 9 shavsthetrendsin the Februarymonthly meansand99%
quantilesfrom the C-ERA-40H; data. Note that exceptfor the
North Atlantic thetrendsaredominatedoy theincreasebetween
the 1970sandthe 1980sdiscussedbove (Figure8). Thetrend
foundin theNorth Atlantic andits spatialpatternarein line with
theresultsof Guntheretal. (1998).

We have usedempiricalorthogonafunction (EOF)analysis
to obtain main patternsof variability, sincethesepatternsmay
be linkedto possibledynamicmechanismsThe atlaspresents,
for eachoceanbasinconsideredthe two mostimportantEOF
patternsandtheir coefcient time series. Someinterestingob-
senationsarisefrom the EOF analysis:

1. Figure 10 shaws the patternof the rst global EOF of C-
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Figure 9. Trendsin the February monthlymeanHs (C-ERA-40,
upper)andthe 99% quantiles(lower). Areaswher thetrendis

signi cant at the 5% level are shaded.Thesigni canceis esti-

matedusingthe non-paametricMann-Kendalltestasdescribed
in Wang, Swail (2001).

ERA-40signi cant wave height. This EOF explains15% of
the globalvariability andclearly representswell propagat-
ing from the SouthernHemispherestormtrack region into
thelndianandPaci ¢ Oceans.ts coefcient hasa correla-
tion of about0.8with the globalmeanof C-ERA-40signi -
cantwave height(Figure8). In particular it hasthesamedip
aroundSeptembet 975ashastheglobalcurve. It illustrates
theimportanceof the SoutherrHemispherén governingthe
variability of the globalmeanHs.

2. Thecoefcient time seriesof the rst North Paci ¢ EOF of
Hs hasa correlationof about-0.76 with the Paci c-North
Americanindex (PNA; Wallaceand Gutzler1981). It ex-
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Figure 10. Patternof the r stglobal EOF of Hs (C-ERA-40).

plains31% of thevariability in thatbasin.

3. Thecoefcient of thesecond\orth Atlantic EOF, which ex-
plains24% of the variability in thatbasin,hasa correlation
of about0.8with theNorth Atlantic Oscillationindex (NAO;
seege.g.,Rogers1984).The rst EOFis dominateddy swell
andthereforenot relatedto the NAO.

Finally, the effect of decadallimate variability on the ex-
tremestatistics,namelyon the annualmeantime of exceedence
of certainthresholdsand on the 100-yearreturnvalues,is de-
scribed. An exampleis givenin Figure5 for the correctedHs
100-yearreturnvalue estimates.Besidesan estimatebasedon
the whole ERA-40 period it also containsestimateshasedon
three different 10-yearperiods. The estimatesobtainedfrom
theseperiodsdiffer in the Northern Hemispherestorm tracks.
Speci cally, the estimatesn the roughestpart of the North Pa-
ci ¢ stormtrackregion haveincreasedandin the North Atlantic
the patternhaschanged.Thesedifferencescanbe attributedto
thedecadalariability in the NorthernHemispheregspeciallyto
changesn the phaseof the NAO (CairesandSterl2005a).This
exampleshaows thatit is importantto take accountfor climate
changesvhendesigningmaritimestructures.

As we have seenthe Hg datareveal trendsin both the
monthly meansand,even more pronouncedthe high quantiles.
Therearealsodifferencesn thereturnvaluesestimatedvith data
from differentdecades Changesn the monthly meansandthe
returnvaluescanarisefrom more or from more intensestorms.
Calculatingmeasure®f storm numberand storm intensity we

nd (SterlandCaires2005)that

1. Therearemorestormsin the stormtrack region thanin the
Tropics. As we have de ned stormsasthe roughestL0% of
the time at a given placethis canbe interpretedas storms
in the Tropicslastinglonger Note, however, thatthe 90%
guantileis muchlowerin the Tropicssothatatypical storm
thereis muchlesssevere (rememberthat tropical cyclone

arenot resohed!) thanat higherlatitudes. Therefore,it is
moreappropriateo concludethatthe Tropicsarelessvari-
ablethanthe higherlatitudes.

2. Signi cant changesin the numberof stormsoccur over
muchlargerareaghando changesn intensity

3. In the North Atlantic only the intensity of storm changes
signi cantly anddoessoonly in smallregions.

4. In theNorth Paci ¢ boththe numberof stormsandtheirin-
tensitychanges.

5. Changesin the SouthernHemisphereare mainly due to
changedn the numberof storms. This change,however,
may be an artifact of satelliteobserationsbecomingavail-
ablein 1979(seealsodiscussiorof Figure8).

SUMMARY AND CONCLUSIONS

TheERA-40reanalysigarriedoutat ECMWF produced45
years(Sept.1957 - Aug. 2002) of datadescribingthe stateof
the atmospherdour timesa day ECMWF's operationaimodel
hasbeenusedto carry out the reanalysis.In this modelthe ex-
changecoefcients for momentumandturbulentenegy arede-
pendenbn the seastate. To achieve this, the atmospherenodel
is coupledto the WAM wave model. Therefore,the ERA-40
dataalsocontaininformationaboutwaves. A subsebf the raw
ERA-40datacanbe downloadedreely from ECMWF's website
at http://www.ecmwf.int/data/d/era48aily/.

A thoroughassessmertf the ERA-40wave heightdatare-
vealedthatthey (a) capturevery well the variability of the true
wave heightson all time scales,(b) slightly overestimatdow
wave heights,and(c) severelyunderestimat@igh wave heights.
Furthermorejnhomogeneitieslueto the assimilationof differ-
entdatasourcesreclearlypresent.

Despitetheunderestimationf highwave heightsit is possi-
bleto givereliableestimate®f extremesigni cant wave heights
(“100-yearreturnvalues”). Estimatedasedon theraw ERA-40
wave dataandthosefrom buoy measurementsevealeda linear
relationshipthat could be exploited to obtainglobalreliablere-
turn valueestimatedasedon the ERA-40data. Furthermoreit
waspossibleto deviseanon-parametricorrectionmethodto the
ERA-40data,resultingin a correcteddatasetvhich hasno bias
with respecto altimeterbasedvave heightretrievalsandwhich
is free of obviousinhomogeneitiesesultingfrom differencesn
wave-heightdatathatwhereassimilated.

The ERA-40 wave data have been usedto create the
web-basedKNMI/ERA-40 Wave Atlas (http://wwwknmi.nl/-
waveatlas). This atlas containsthe comparisonsbetweenthe
ERA-40dataandobsenationsfrom both buoys andsatelliteal-
timeters theclimatologyof wavesasdeducedrom boththeraw
andthe correctedERA-40data,mapsof exceedenceaswell as
of returnvalues,andanassessmermif the variability of thewave
climate. The latter is especiallyimportantfor the derivation of
the extremestatistics asthe outcomeof anextreme-alueanaly-
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siscandependsery muchontheperiodusedwith corresponding
consequencdsr decisiondasedn this analysis.
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